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"Ora tu pensa: un pianoforte. I tasti iniziano. I tasti finiscono. Tu

sai che sono 88, su questo nessuno può fregarti. Non sono infiniti,

loro. Tu, sei infinito, e dentro quei tasti, infinita è la musica che

puoi fare. Loro sono 88. Tu sei infinito."

"Take a piano. The keys begin. The keys end. You know that they

are 88 and no one can tell you differently. They are not infinite, they.

You, you are infinite, and within those keys, infinite is the music

that you can make. They are 88. You are infinite."

Novecento (Alessandro Baricco)





Abstract

Understanding how the human auditory system processes the physical properties
of an acoustical stimulus to give rise to a pitch percept is a fascinating aspect of
hearing research. Since most natural sounds are harmonic complex tones, this
work focused on the nature of pitch-relevant cues that are necessary for the au-
ditory system to retrieve the pitch of complex sounds. The existence of different
pitch-coding mechanisms for low-numbered (spectrally resolved) and high-num-
bered (unresolved) harmonics was investigated by comparing pitch-discrimination
performance across different cohorts of listeners, specifically those showing en-
hanced pitch cues (i.e., musicians) and those typically having disrupted pitch cues
(i.e., hearing-impaired listeners). In particular, two main topics were addressed:
the relative importance of resolved and unresolved harmonics for normal-hearing
(NH) and hearing-impaired (HI) listeners and the effect of musical training for
pitch discrimination of complex tones with resolved and unresolved harmonics.

Concerning the first topic, behavioral and modeling results in listeners with
sensorineural hearing loss (SNHL) indicated that temporal envelope cues of com-
plex tones with unresolved harmonics may be enhanced relative to NH listeners at
the output of peripheral auditory filters. This enhancement of temporal envelope
coding was found to be ascribed to a reduction of cochlear compression. Since fre-
quency selectivity and temporal fine structure (TFS) cues are known to be degraded
in listeners with SNHL, it is likely that HI listeners rely on the enhanced envelope
cues to retrieve the pitch of unresolved harmonics. Hence, the relative importance
of pitch cues may be altered in HI listeners, whereby envelope cues may be used
instead of TFS cues to obtain a similar performance in pitch discrimination to that
of NH listeners.

In the second part of this work, behavioral and objective measures of pitch dis-
crimination were carried out in musicians and non-musicians. Musicians showed
an increased pitch-discrimination performance relative to non-musicians for both
resolved and unresolved harmonics, although their benefit was larger for the re-
solved harmonics. Additionally, task-evoked pupil responses were recorded as an
indicator of processing effort while listeners performed a pitch-discrimination task.

vii



viii

Although the difficulty of the task was adjusted for each participant to compensate
for the individual pitch-discrimination abilities, the musically trained listeners
still allocated lower processing effort than did the non-musicians to perform the
task at the same performance level. This finding suggests an enhanced pitch repre-
sentation along the auditory system in musicians, possibly as a result of training,
which seemed to be specific to the stimuli containing resolved harmonics.

Finally, a functional magnetic resonance imaging paradigm was used to exam-
ine the response of the auditory cortex to resolved and unresolved harmonics in
musicians and non-musicians. The neural responses in musicians were enhanced
relative to the non-musicians for both resolved and unresolved harmonics in the
right auditory cortex, right frontal regions and inferior colliculus. However, the in-
crease in neural activation in the right auditory cortex of musicians was predictive
of the increased pitch-discrimination performance only for resolved harmonics.
These results suggest a training-dependent effect in musicians that is partially
specific to the resolved harmonics.



Resumé

Forståelse af hvordan menneskets auditive system behandler de fysiske egenskaber
af et akustisk stimulus, så det giver anledning til en opfattelse af tonehøjde, er et
fascinerende aspekt af høreforskningen. Da de fleste naturligt forekommende lyde
er harmoniske tonekomplekser, fokuserer denne afhandling på karakteren af de
signaler, der er nødvendige, når det auditive system skal fastlægge tonehøjden af
komplekse lyde. Eksistensen af forskellige mekanismer for kodning af tonehøjde
for henholdsvis lavfrekvente (spektralt opløste) og højfrekvente (spektralt uopløste)
overtoner er undersøgt ved at sammenligne diskriminationsevnen på tværs af for-
skellige lyttergrupper, særligt lyttere med gode diskriminationsevner (musikere) og
lyttere med nedsatte evner (hørehæmmede lyttere). To hovedemner er behandlet:
(1) den relative betydning af opløste og uopløste overtoner for normalthørende og
hørehæmmede lyttere; og (2) effekten af musikalsk træning for diskrimination af
tonehøjden for opløste og uopløste overtoner.

Under første hovedemne indikerer resultaterne, at detekteringen af den tem-
porale indhylningskurve for komplekse toner er bedre hos lyttere med sensorineu-
ralt høretab (SNHL) end hos normalthørende. Denne forbedrede detektering af den
temporale indhylningskurve kan formentlig tilskrives en reduceret kompression
i det indre øre hos de hørehæmmede. Da frekvensselektivitet og detektering af
temporal finstruktur (TFS) er reduceret hos lyttere med SNHL, er det sandsynligt,
at hørehæmmede lyttere udnytter deres bedre detektering af indhylningskurven til
at afkode tonehøjden af uopløste overtoner. Formentlig anvender hørehæmmede i
højere grad end normalthørende indhylningskurven i stedet for TFS til bestemmel-
se af tonehøjden. Dermed kan de opnå en tonehøjde-diskrimination på niveau
med normalthørende lyttere.

I anden del af afhandlingen er adfærdsmæssige og objektive målinger af tonehøjde-
diskrimination foretaget for musikere og ikke-musikere. Musikere udviste en øget
tonehøjde-diskrimination i forhold til ikke-musikere for både opløste og uopløste
overtoner, dog mest markant for de opløste overtoner. Derudover blev lytternes
pupilrespons registreret som en indikator for bearbejdningsindsats under diskrimi-
nationsopgaven. Selvom opgavens vanskelighed blev justeret som kompensation
for individuelle forskelle i diskriminationsevne, kunne de musikalsk trænede lyttere
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nøjes med en mindre indsats i forhold til ikke-musikere for at udføre opgaven. Det-
te tyder på en forbedret kodning af tonehøjden i det auditive system hos musikere,
især for opløste overtoner. Endelig blev funktionel magnetisk resonansbilleddan-
nelse (fMRI) anvendt til at undersøge responset i auditiv cortex for både opløste og
uopløste overtoner hos musikere og ikke-musikere. De neurale reaktioner i flere
dele af hjernen var forøget hos musikerne i forhold til ikke-musikerne for begge
typer af overtoner. For de opløste overtoner var aktivitetsstigningen i højre auditive
cortex i overensstemmelse med en øget tonehøjde-diskrimination for disse toner
hos musikere. Disse resultater tyder på en træningsafhængig effekt, der er delvist
specifik for de opløste overtoner.
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1
General introduction

1.1 What is pitch and why is pitch important?

Pitch is a subjective attribute of hearing which allows us to hear sounds as musical

(Santurette, 2011). It plays a central role in our everyday experience, where it is

used as a cue in many perceptual contexts. In particular, pitch is essential for music

perception, allowing us to hear melodies and chords. Pitch is also important for

speech recognition, carrying prosody information in most languages, as well as

semantic information in tone languages. Additionally, pitch facilitates the percep-

tual segregation of sound sources, for example a female from a male talker, and

can also be used for grouping individual sound frequency components in a unique

pitch percept, for example the note of a piano (Plack et al., 2005).

Understanding how the human auditory system processes the physical proper-

ties of an acoustical stimulus (e.g., frequency content, repetition rate, modulation

depth) to give rise to a musical percept is a fascinating aspect of fundamental

hearing research. Most natural pitch-evoking sounds are harmonic complex tones,

for example voiced phonemes in speech, any musical sound produced by a tonal

musical instrument, as well as sounds produced by sound sources with a charac-

teristic rate of vibration. Thus, clarifying the nature of pitch-relevant information

that the auditory system uses to retrieve the pitch of a complex sound is of central

importance towards understanding our abilities in recognizing, differentiating and

eventually enjoying natural acoustic scenes.

Additionally, since it is well established that hearing loss affects the ability of

listeners to perceive pitch, understanding the basic mechanisms underlying pitch

perception in the normal auditory system is an essential step towards restoring

1
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accurate pitch perception in the hearing-impaired population.

1.2 Complex tones and harmonic resolvability

Since most natural sounds are harmonic complex tones, understanding how the

human auditory system retrieves the pitch of such complex sounds remains a

crucial aspect of hearing research. A harmonic complex tone consists of a series of

harmonic components at frequencies corresponding to integer multiples of the

fundamental frequency (F0) that typically elicit a pitch corresponding to the F0

itself (e.g., Licklider, 1951; Schouten et al., 1962; Plack et al., 2005). The cochlea is

the stage of the auditory system where the frequency-to-place mapping first occurs

(tonotopic organization). Here, each harmonic component will mostly excite a spe-

cific region of the basilar membrane. Since the auditory-filter bandwidth is known

to increase with increasing center frequency (Glasberg and Moore, 1990), while the

spacing between neighbouring harmonics is constant and equal to the F0, each

low-numbered harmonic will be processed within a distinct auditory filter, thus

producing peaks and dips in the excitation pattern of the basilar membrane, while

neighboring high-numbered harmonics will interact within the same auditory filter

giving rise to a smooth excitation pattern (Fig. 1.1; Plack, 2005). As a result, the

frequency of the individual harmonics can be retrieved from the sinusoidal pattern

of vibration elicited by the low-numbered harmonics at specific places along the

basilar membrane, while no place information is conveyed by the complex pattern

of vibration elicited by the high-numbered harmonics. Because of the different

separation along the basilar membrane, the low-numbered harmonics are said

to be resolved, and the high-numbered harmonics are referred to as unresolved.

Throughout this thesis, complex tones containing either resolved or unresolved

harmonics will be referred to as resolved or unresolved complex tones, respectively.

The resolvability of a complex tone seems to depend on the lowest harmonic

number present in the stimulus rather than on the frequency of the harmonic

components per se (Bernstein and Oxenham, 2003; Plack et al., 2005). For example,

a complex tone filtered in a high-frequency region (e.g., between 1.5 and 3.5 kHz)
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Figure 1.1: Schematic of the basilar membrane excitation pattern and pattern of vibration in response
to a complex tone. Reproduced from Plack et al. (2014), with permission.
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will be completely resolved by the basilar membrane at fairly large F0s (e.g., above

about an F0 of 300 Hz, Bernstein and Oxenham, 2006b), i.e., when the lowest

harmonic number is below the 6th. In contrast, it will contain only unresolved

harmonics at small F0s (e.g., F0 = 125 Hz), i.e., when the lowest harmonic number is

above about 12. Although there is no clear consensus on the harmonic number at

which the transition from resolved to unresolved harmonics occurs, experimental

results suggest that the transition occurs somewhere between the 5th and the 10th

harmonic (for a review, see Plack et al., 2005; Moore and Gockel, 2011).

1.3 Complex-tone pitch coding mechanisms

Pitch perception and its underlying coding mechanisms have been investigated for

decades to understand what information is necessary for the human auditory sys-

tem to extract pitch (for a review, see De Cheveigné, 2005). Although some classical

studies favored either a place-based (e.g., Ohm, 1843; Helmholtz, 1877; Goldstein,

1973; Wightman, 1973; Terhardt, 1974) or a temporal approach (e.g., Rutherford,

1886; Licklider, 1951; Licklider, 1959), more recent investigations suggest that both

types of cues may be important for pitch coding (e.g., Shamma and Klein, 2000;

Gockel et al., 2001; Heinz et al., 2001; Moore, 2003; Cedolin and Delgutte, 2005;

Cedolin and Delgutte, 2010; Oxenham et al., 2011). Numerous studies have focused

on the pitch coding mechanisms underlying pitch perception of resolved and un-

resolved complex tones (Hoekstra and Ritsma, 1977; Houtsma and Smurzynski,

1990; Carlyon and Shackleton, 1994; Shackleton and Carlyon, 1994; Kaernbach

and Bering, 2001; Grimault et al., 2002; Grimault et al., 2003; Moore and Moore,

2003; Bernstein and Oxenham, 2003; Bernstein and Oxenham, 2006a; Bernstein

and Oxenham, 2006b; Moore et al., 2006a; Moore et al., 2006b; Bernstein and Oxen-

ham, 2008; Moore and Glasberg, 2011). Different coding mechanisms have been

suggested for complex tones containing either low-numbered resolved harmonics

or high-numbered unresolved components. In fact, since resolved complex tones

convey both the place and the time information of the individual harmonics along

the basilar membrane, the pitch may be retrieved by comparing the phase-locking
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pattern across characteristic frequency (obtained either via excitation pattern cues

and/or temporal fine structure cues of the individual harmonics) with a set of har-

monic templates (Shamma and Klein, 2000). Alternatively, the temporal pattern

of neural spikes can be used to retrieve pitch (e.g., via autocorrelation; Licklider,

1951). In contrast, the pitch of unresolved complex tones can only be retrieved by

the temporal information conveyed by envelope coding and/or the waveform fine

structure information (although temporal fine structure seems not to be involved

for harmonics above the 14th, Moore and Moore, 2003).

Some indirect evidence for different pitch-coding mechanisms for resolved

and unresolved complex tones comes from studies on F0 discrimination. First

of all, resolved complex tones were found to elicit a more salient pitch percept

than unresolved complex tones, whereby the F0-discrimination performance was

more accurate when the complex tone contained resolved harmonics as compared

to complexes with only unresolved harmonics (e.g., Houtsma and Smurzynski,

1990; Shackleton and Carlyon, 1994; Bernstein and Oxenham, 2003; Bernstein and

Oxenham, 2006a). However, Bernstein and Oxenham (2003) showed that increasing

the resolvability of high-numbered harmonics by presenting the odd harmonics

to one ear and the even harmonics to the other ear did not improve performance.

Thus, the lowest harmonic number (or the harmonic rank), rather than resolvability

per se, seemed to determine the transition between two different pitch-coding

mechanisms, one based on the presence of spectro-temporal cues and one based

on the temporal information carried by the high-numbered harmonics (Bernstein

and Oxenham, 2003).

Additionally, studies on the effect of selective training on pitch-discrimination

showed that learning was partially specific to the resolvability of the stimulus. In

fact, listeners trained with a resolved complex tone showed larger improvements in

F0-discrimination performance for another resolved complex tone than for an un-

resolved complex tone (Grimault et al., 2002; Carcagno and Plack, 2011). However,

it is unclear whether these findings suggest the presence of separate mechanisms

for pitch coding or simply support the hypothesis that the mechanisms for learning

are partly stimulus-specific (specificity of learning, Carcagno and Plack, 2011).
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1.4 Pitch perception and hearing loss

Sensorineural hearing loss (SNHL) is commonly associated with reduced frequency

selectivity (Glasberg and Moore, 1986) and a reduced ability to extract temporal

fine structure information (Moore et al., 2006b; Hopkins and Moore, 2007). Several

studies reported that hearing-impaired (HI) listeners have disrupted abilities in

pitch discrimination of complex tones (Hoekstra and Ritsma, 1977; Moore and

Glasberg, 1988; Moore and Peters, 1992; Arehart, 1994; Arehart and Burns, 1999;

Moore and Moore, 2003; Bernstein and Oxenham, 2006b). In particular, a poor

pitch-discrimination performance was typically observed in HI listeners when the

complex tones contained low-numbered harmonics (Hoekstra and Ritsma, 1977;

Hoekstra, 1979; Arehart, 1994; Moore and Glasberg, 1990; Moore and Peters, 1992;

Bernstein and Oxenham, 2006b). For example, Moore and Peters (1992) found

that the performance of HI listeners was worse when a complex tone with a low

F0 (below 200 Hz) contained low-numbered harmonics (1 to 12) than for complex

tones without low harmonics (6 to 12). Thus, while the dominant harmonics for

pitch perception are assumed to be between the first and the fifth in NH listeners

(Plack et al., 2005), adding low-numbered harmonics led to a worse performance

in HI listeners. Since the broadening of auditory filters in HI listeners leads to an

increased number of unresolved harmonics as compared to NH listeners, it seems

plausible that HI listeners rely more on the temporal information conveyed by

the unresolved harmonics, rather than on the fine spectro-temporal information

conveyed by the resolved harmonics (Moore and Carlyon, 2005). Supporting this

hypothesis, it has been found that the performance of HI listeners is not always

reduced as compared to NH listeners (Moore et al., 1998). In fact, some studies

showed a similar performance of HI vs. NH listeners for pitch discrimination of

unresolved complex tones (Arehart, 1994; Bernstein and Oxenham, 2006b). Thus,

while fine spectro-temporal cues are disrupted, temporal envelope cues may be

relatively more robust due to the presence of more harmonics interacting within

the same filter and giving rise to a peakier envelope at the output of the filter. As

a consequence of this, the relative importance of spectral and temporal cues for

pitch processing may be altered in listeners with SNHL.
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1.5 Pitch perception and musical experience

Since most sounds produced by musical instruments are harmonic complex tones,

musicians are more trained than non-musicians to listen for and retrieve the pitch

of such complex sounds. Possibly as a result of training, musicians have been shown

to be more sensitive than non-musicians to discriminate fine spectral changes be-

tween complex tones. In fact, trained musicians were found to have two to six times

better performance than non-musicians in complex-tone pitch discrimination

(Spiegel and Watson, 1984; Micheyl et al., 2006; Allen and Oxenham, 2014; Bianchi

et al., 2016b). This benefit was shown to depend on the overall duration of musical

training, on the age when musical education started, as well as on the family of

played instruments, with a smaller benefit for the musicians playing keyboard

instruments as compared to strings and winds (Spiegel and Watson, 1984; Micheyl

et al., 2006).

There seems to be a growing consensus on the role of a training-dependent

plasticity for the enhanced performance of musicians (for a review see, Pantev

and Herholz, 2011; Zatorre and Zarate, 2012). Many studies reported that musical

training led to both anatomical and functional changes in the musicians’ cortical

and subcortical structures (e.g., Pantev et al., 1998; Zatorre, 1988; Schneider et al.,

2002; Pantev et al., 2003; Musacchia et al., 2007; Wong et al., 2007; Foster and

Zatorre, 2010; Herholz and Zatorre, 2012). Structural changes in the musicians’

brain have been found in terms of an increase of gray-matter concentration and

cortical thickness in motor and auditory-related areas (Schneider et al., 2002;

Bermudez and Zatorre, 2005), as well as in frontal regions (Sluming et al., 2002) and

on the volume of corpus callosum (Schlaug et al., 2009). Some studies (Hyde et al.,

2009; Schlaug et al., 2009; Foster and Zatorre, 2010) showed that the degree of these

structural changes was correlated with performance during musically-relevant

behavioral tasks. Additionally, these structural changes were specific to the right

auditory cortex (Hyde et al., 2009; Foster and Zatorre, 2010), consistent with the

right auditory cortex being specialized in fine pitch processing (e.g., Zatorre, 1988;

Johnsrude et al., 2000; Zatorre and Belin, 2001; Zatorre et al., 2002; Hyde et al.,

2008).
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Among the first investigations concerning functional changes in musicians,

Pantev et al. (1998) reported an enhanced cortical activation to piano notes in

musicians relative to a control group of non-musicians. This enhancement was

not only correlated with the age at which musicians started musical training but was

also seen to be specific to the timbre of the played instrument (Pantev et al., 2001).

Additionally, electrophysiological studies observed an increased neural synchrony

to music and speech in musicians already at a subcortical level, resulting in a more

precise temporal and spectral representation of the signal (Musacchia et al., 2007;

Wong et al., 2007; Parbery-Clark et al., 2009; Anderson and Kraus, 2011). Finally, two

recent studies suggested that the musicians’ advantage may be of peripheral origin.

Psychoacoustical and physiological estimates of peripheral frequency selectivity

suggested that musicians may have narrower auditory filters as compared to non-

musicians (Bidelman et al., 2014; Bidelman et al., 2016). However, other studies

showed no difference in peripheral frequency selectivity between musicians and

non-musicians (Fine and Moore, 1993; Oxenham et al., 2003).

Although there is substantial evidence of changes in the musicians’ neuroanatomy

that are predictive of the musicians’ enhanced performance, musical training alone

cannot always account for these structural and functional changes (Foster and

Zatorre, 2010). It cannot be excluded that anatomical predispositions might also

play a role for the musicians’ enhanced abilities to retrieve pitch (Zatorre and

Zarate, 2012).

1.6 Overview of the thesis

This work focuses on complex-tone pitch perception and its objective representa-

tions at different stages along the auditory system in the normal and hearing-im-

paired population, as well as on how musical experience leads to changes in the

perception of pitch. The research projects presented throughout the chapters of

this thesis tackle the fundamental question about the nature of pitch-relevant cues

in the human auditory system, by comparing pitch perception across different co-

horts of listeners, specifically those showing enhanced pitch cues (e.g., musicians)
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and those typically having disrupted pitch cues (i.e., hearing-impaired listeners)

relative to a normal-hearing cohort of non-musically trained listeners.

In Chapter 2, pitch-discrimination performance is behaviorally estimated in

normal-hearing and hearing-impaired listeners for complex tones with harmonics

added either in sine or random phase. When the harmonics are unresolved, the

difference in pitch-discrimination performance between the random-phase and

the sine-phase condition can be considered as an estimate of temporal envelope

processing. This difference in performance is compared between the two groups of

listeners to assess whether changes in the temporal envelope representation occur

in the hearing-impaired listeners. Cochlear compression and frequency selectivity

are additionally estimated in the same listeners to clarify whether changes in

envelope cues of hearing-impaired listeners can be ascribed to their cochlear

damage. Cochlear compression and frequency selectivity are finally considered

in a simplified peripheral model to clarify their relative contribution to a possible

envelope enhancement following SNHL.

In Chapter 3, the use of task-evoked pupil dilation is investigated as an objective

measure of effort during a pitch-discrimination task in normal-hearing listeners.

Pupil responses are recorded while listeners perform a pitch-discrimination task

with complex tones of varying pitch salience. Since resolved complex tones are

known to elicit a stronger pitch percept than unresolved complex tones, it is hy-

pothesized that task-evoked effort would increase with decreasing the salience of

the evoked pitch percept.

Chapter 4 investigates the perceptual enhancement of musicians in pitch-

discrimination for resolved and unresolved complex tones. A first behavioral

experiment is performed to clarify whether the musicians’ advantage for complex-

tone pitch discrimination occurs for both resolved and unresolved complex tones.

A second experiment uses pupil responses to compare the effort of musicians and

non-musicians while performing a pitch-discrimination task with complex tones

of varying resolvability. The aim of this study is to clarify whether the enhanced

performance in musicians can be ascribed to an increased peripheral frequency

selectivity and/or to a different processing effort in performing the task.

In Chapter 5, the perceptual enhancement of musicians in pitch-discrimina-
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tion is further investigated via functional magnetic resonance imaging (fMRI). A

first behavioral experiment is performed to estimate the individual pitch-discrimi-

nation thresholds for both resolved and unresolved complex tones. In a second

experiment, cortical neural responses are measured via fMRI in musicians and

non-musicians, while the participants are asked to perform a pitch-discrimination

task that is adjusted in difficulty according to their behavioral thresholds. The

aim of this study is to clarify whether musicians show an increased cortical ac-

tivation in response to resolved and unresolved complex tones as compared to

non-musicians, despite the difficulty of the task being adjusted across participants.

It is hypothesized that an increased activation in musicians may indicate the exis-

tence of functional changes, possibly as a result of musical training, which may be

specific to either the resolved or unresolved harmonics.

Finally, the main findings of each chapter are summarized and discussed in

Chapter 6. Implications for temporal envelope coding in hearing-impaired listeners

as well as the effects of musical training on pitch discrimination of resolved and

unresolved complex tones are further discussed.

In the Appendix, a different topic of hearing research is addressed. The percep-

tual phenomenon of dominance of the directional information contained in the

first arriving sound, referred to as the precedence effect, is investigated behaviorally

and objectively. The contribution of peripheral versus central auditory processes

to the precedence effect is investigated by comparing physiological (otoacous-

tic emissions and auditory brainstem responses) and psychoacoustical data in

normal-hearing listeners.



2
Complex-tone pitch discrimination in

listeners with sensorineural hearing

lossa

Abstract
Physiological studies have shown that noise-induced sensorineural

hearing loss (SNHL) enhances the amplitude of envelope coding in

auditory-nerve fibers. As pitch coding of unresolved complex tones is

assumed to rely on temporal envelope coding mechanisms, this study

investigated pitch-discrimination performance in listeners with SNHL.

Pitch-discrimination thresholds were obtained for 14 normal-hearing

(NH) and 10 hearing-impaired (HI) listeners for sine-phase (SP) and

random-phase (RP) complex tones. When all harmonics were unre-

solved, the HI listeners performed, on average, worse than NH listeners

in the RP condition but similarly to NH listeners in the SP condition.

The increase in pitch-discrimination performance for the SP relative

to the RP condition (F0DL ratio) was significantly larger in the HI as

compared to the NH listeners. Cochlear compression and auditory-fil-

ter bandwidths were estimated in the same listeners. The estimated

reduction of cochlear compression was significantly correlated with

the increase in the F0DL ratio, while no correlation was found with

filter bandwidth. The effects of degraded frequency selectivity and loss

a This chapter is based on Bianchi, F., Fereczkowski, M., Zaar, J., Santurette, S., Dau, T. (in press),

Trends in Hearing.

11
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of compression were considered in a simplified peripheral model as

potential factors in envelope enhancement. The model revealed that

reducing cochlear compression significantly enhanced the envelope

of an unresolved SP complex tone, while not affecting the envelope of

a RP complex tone. This envelope enhancement in the SP condition

was significantly correlated with the increased pitch-discrimination

performance for the SP relative to the RP condition in the HI listeners.

2.1 Introduction

Pitch perception and its underlying coding mechanisms have been investigated

for decades to understand what information is necessary for the human auditory

system to extract pitch (for a review, see De Cheveigné, 2005). Although some

studies favored either a place-based (e.g., Ohm, 1843; Goldstein, 1973; Wightman,

1973; Terhardt, 1974; Helmholtz, 1877) or a temporal approach (e.g., Licklider,

1951; Licklider, 1959; Rutherford, 1886), more recent investigations suggest that

both types of cues may be important for pitch coding (e.g., Shamma and Klein,

2000; Gockel et al., 2001; Heinz et al., 2001; Moore, 2003; Cedolin and Delgutte,

2005; Cedolin and Delgutte, 2010; Oxenham et al., 2011).

Numerous studies have focused on the pitch coding mechanisms underlying

pitch perception of complex tones (Hoekstra and Ritsma, 1977; Houtsma and

Smurzynski, 1990; Carlyon and Shackleton, 1994; Shackleton and Carlyon, 1994;

Kaernbach and Bering, 2001; Moore and Moore, 2003; Bernstein and Oxenham,

2003; Bernstein and Oxenham, 2006a; Bernstein and Oxenham, 2006b; Moore et al.,

2006a; Moore et al., 2006b; Bernstein and Oxenham, 2008; Moore and Glasberg,

2011). Different coding mechanisms were suggested for complex tones containing

either low-numbered resolved harmonics or high-numbered unresolved compo-

nents. While resolved components are processed by separate auditory filters and

produce distinct ripples in the excitation pattern, neighboring unresolved com-

ponents are processed within the same auditory filter and their interaction gives

rise to a smooth excitation pattern which does not convey place information from
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which the frequency of individual harmonics can be retrieved (Plack, 2005). As a

result, the pitch of resolved complex tones may be retrieved by fine spectral and/or

temporal cues, while the pitch of unresolved complex tones can only be retrieved

by the temporal information conveyed by envelope coding.

Sensorineural hearing loss (SNHL) is commonly associated with reduced fre-

quency selectivity (Glasberg and Moore, 1986) and a reduced ability to extract

temporal fine structure information (Moore et al., 2006b; Hopkins and Moore,

2007). However, recent physiological studies in animals showed that noise-in-

duced SNHL increases the temporal precision and the amplitude of envelope

coding in single auditory-nerve fibers (Kale and Heinz, 2010; Henry et al., 2014).

These findings were ascribed to a variety of factors, such as broader auditory filters,

a reduction of cochlear compression due to outer hair cell damage and altered

auditory-nerve response temporal dynamics (Scheidt et al., 2010). Thus, while fine

spectro-temporal cues are disrupted, temporal envelope cues may be enhanced

and the relative importance of spectral and temporal cues for pitch processing may

be altered in listeners with SNHL. Although several studies reported that hearing-

impaired (HI) listeners have disrupted abilities in pitch discrimination of complex

tones (Hoekstra and Ritsma, 1977; Moore and Glasberg, 1988; Moore and Peters,

1992; Arehart, 1994; Arehart and Burns, 1999; Moore and Moore, 2003; Bernstein

and Oxenham, 2006b), it has been found that the performance of HI listeners is

not always disrupted as compared to NH listeners (Moore et al., 1998).

In fact, while most studies reported a degraded performance of HI listeners

in pitch discrimination of stimuli containing low-order harmonics (Hoekstra and

Ritsma, 1977; Hoekstra, 1979; Arehart, 1994; Moore and Glasberg, 1990; Moore and

Peters, 1992; Bernstein and Oxenham, 2006b), which may be related to a reduced

frequency selectivity (Bernstein and Oxenham, 2006b; Moore and Glasberg, 2011),

some studies showed a similar performance of HI vs. NH listeners for pitch discrim-

ination of unresolved complex tones and also a comparable performance of HI

listeners for pitch discrimination of resolved vs. unresolved stimuli (Arehart, 1994;

Bernstein and Oxenham, 2006b). Since the broadening of auditory filters in HI lis-

teners leads to an increased number of unresolved harmonics as compared to NH

listeners, it seems plausible that HI listeners rely more on the temporal information
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conveyed by the unresolved harmonics, rather than on the fine spectro-temporal

information conveyed by the resolved harmonics (Moore and Carlyon, 2005). It

is still unclear whether the altered importance of temporal vs. spectral cues for

pitch discrimination may be additionally due to the suggested enhancement of

temporal envelope coding with SNHL (Kale and Heinz, 2010; Henry et al., 2014).

The aim of the present behavioral study was to clarify: i) whether human

listeners with SNHL show an enhancement of temporal envelope coding, ii) if

this enhancement is related to the broadening of auditory filters and/or to the

reduction of cochlear compression, and iii) how this enhancement affects pitch

discrimination of complex tones. Pitch discrimination of complex tones was inves-

tigated behaviorally as a function of the fundamental frequency (F0) in NH listeners

and listeners with SNHL (Experiment I). Additionally, an amplitude-modulation

detection experiment (Experiment II) was performed in the same listeners to as-

sess temporal envelope coding abilities and to estimate individual auditory-filter

bandwidths based on detectability of the modulation sidebands. Furthermore,

the basilar-membrane input/output function (BM I/O) was estimated for the HI

listeners using a forward-masking task (Experiment III), to assess the role of de-

graded cochlear compression for pitch discrimination of unresolved complex tones.

Finally, a simplified peripheral model, adjusted according to the auditory-filter

bandwidth and cochlear-compression estimates obtained in Experiments II and

III, was used to clarify the role of degraded cochlear compression and filter broad-

ening for pitch-discrimination performance based on the envelope peakiness of

the unresolved complexes at the output of the filter.

While in previous studies (e.g., Hoekstra, 1979; Glasberg and Moore, 1989;

Moore and Glasberg, 1990; Moore and Peters, 1992; Bernstein and Oxenham, 2006b;

Moore and Glasberg, 2011) the individual performance in pitch discrimination

was correlated with individual measures of frequency selectivity, the novelty of the

current study is that pitch discrimination was further investigated as a potential

indicator of temporal envelope processing, on which pitch coding of unresolved

complex tones is assumed to rely.
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Figure 2.1: Hearing thresholds in the test ear for the 10 HI listeners who participated in this study. The
thresholds were obtained via conventional audiometry.

2.2 Methods

2.2.1 Listeners and experimental setup

Fourteen NH listeners (6 females), aged from 22 to 28 years old, and ten HI listeners

(4 females), aged from 65 to 81 years old, participated in this study. All NH listeners

had hearing thresholds of less than 20 dB hearing level (HL) at all audiometric

frequencies between 125 Hz and 8 kHz. The HI listeners had hearing thresholds

between 25 and 65 dB HL at the audiometric frequencies between 1 and 4 kHz.

The individual hearing thresholds of the HI listeners are reported in Fig. 2.1 and

the hearing thresholds at 2 kHz are listed in Table 2.1. All experiments were carried

out monaurally, whereby the NH listeners were tested at their right ear and the

HI listeners at their best ear matching the inclusion criteria. All experiments were

approved by the Science-Ethics Committee for the Capital Region of Denmark.

2.2.2 Experiment I: Pitch-discrimination of complex tones

The ability to discriminate the pitch of resolved and unresolved complex tones was

assessed via difference limens for fundamental frequency (F0DLs) as a function of
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F0.

Procedure

A three-alternative forced choice (3-AFC) paradigm was used in combination with

a weighted up-down method (Kaernbach, 1991) to measure the 75% point on the

psychometric function. For each trial, two intervals contained a reference complex

tone with a fixed fundamental frequency (F0,ref: 100, 125, 150, 175, 200, 250, 300,

400, 500 Hz) and one interval contained a deviant complex tone with a larger F0

(F0,dev). The initial difference in F0 between reference and deviant, ∆F0, (F0,dev -

F0,ref) / F0,ref, was set to 20% and was then decreased by a varying step size every

second reversal. After each correct answer,∆F0 was decreased by a factor of 2.23

until the first reversal, by a factor of 1.7 until the third reversal and by a factor

of 1.16 for the following seven reversals. For each run, F0,ref was roved from trial

to trial from a ±5% uniform distribution around the nominal value. A random

level perturbation of ±2.5 dB was applied to each interval, to reduce potential

loudness cues. The listener’s task was to select the interval containing the tone

with the highest pitch. The threshold for each run was obtained as the geometric

mean of the last six reversals. Before the actual test, the listeners performed three

repetitions as training. The final value of F0DL was calculated from the mean of

three repetitions.

Stimuli

All signals were generated digitally in MATLAB at a sampling rate of 48 kHz and

consisted of 300-ms complex tones embedded in threshold equalizing noise (TEN,

Moore et al., 2000). For the NH listeners, the sound pressure level (SPL) of the TEN

was set to 55 dB per equivalent rectangular bandwidth (ERB, Glasberg and Moore,

1990) to mask the combination tones. For the HI listeners, pure tone detection in

quiet was performed at 1.5, 2 and 3 kHz (2 repetitions per frequency) and the level

of the TEN was set at the maximum threshold measured in this range. The complex

tones were created by summing harmonic components either in sine phase (SP)

or random phase (RP) to vary the envelope peakiness. Summing the harmonics in
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SP yields to a peaky signal envelope, while summing the harmonics in RP yields to

a much flatter envelope. All HI listeners were tested in the SP and RP conditions,

whereas only nine out of the 14 NH listeners completed the measurements for both

conditions. Conditions of varying resolvability were achieved by bandpass filtering

the complexes in a high-frequency region (HF, 1500-3500 Hz), with 50 dB/octave

slopes, and by varying the F0 (Bernstein and Oxenham, 2006b). In order to keep the

sensation level (SL) of the complex tones approximately constant across listeners,

pure tone detection in TEN background was performed at 1.5, 2, and 3 kHz (three

repetitions per frequency). For each listener, the mean detection threshold was

calculated across the three frequencies and the level of each component of the

complex tone was set at 12.5 dB SL re the mean threshold (obtained levels for each

listener are presented in Table 2.1). The sound stimuli were delivered through

headphones (Sennheiser HDA 200).

2.2.3 Experiment II: Amplitude-modulation detection

The temporal modulation transfer function (TMTF), i.e., the amplitude-modu-

lation detection threshold as a function of the modulation frequency (fm), was

estimated for a 2-kHz carrier. This measure yielded estimates of two quantities:

amplitude-modulation detection and auditory-filter bandwidth at 2 kHz. For each

listener, the auditory-filter bandwidth was estimated as the fm for which the side-

bands became resolved. Five out of the 14 NH and all 10 HI listeners participated

in this experiment.

Procedure

A 3-AFC paradigm, in combination with a weighted up-down rule, was used to

measure modulation detection thresholds at the 75% point of the psychometric

function. For each trial, two intervals contained a pure tone at 2 kHz and one

interval contained a sinusoidally amplitude-modulated 2-kHz sinusoid modulated

at fm = 25, 50, 100, 150, 200, 300, 400, 500, 800, 1000, or 1500 Hz. The initial

modulation depth (20 log m) was set to -10 dB and was then adaptively varied

in dB steps with starting and ending values of 5 and 1 dB, respectively. For each
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interval, the carrier frequency was roved from a ±3% uniform distribution around

2 kHz. A random level perturbation of ±1.5 dB was applied to each interval to

minimize loudness cues. The listener’s task was to select the interval containing

the modulated tone. The threshold for each run was obtained as the geometric

mean of the last six reversals. Before the actual test, the listeners performed one

repetition as training. The final threshold was calculated from the mean of three

repetitions. For each listener, the auditory filter bandwidth was estimated as the

fm leading to a modulation threshold that was 10.5 dB below the maximum point

of the TMTF. This point was selected since it led to an estimated filter bandwidth

of 325 Hz at 2 kHz for NH listeners, which corresponds to the mean equivalent

rectangular bandwidth (ERB) estimated via the notched-noise method by Bernstein

and Oxenham (2006b).

Stimuli

All signals were generated digitally in MATLAB at a sampling rate of 48 kHz and

consisted of 300-ms pure tones. The carrier level was set to the same level as the

nominal components of the complex tones in the pitch discrimination experi-

ment (i.e., at 12.5 dB SL re the TEN level used in experiment I, see Table 2.1). No

background noise was used. The stimuli were presented via Sennheiser HDA 200

headphones.

2.2.4 Experiment III: Estimates of BM I/O function and cochlear

compression

The residual peripheral compression was estimated in nine out of the 10 HI listeners

(all except HI 7) by estimating the individual BM I/O functions at 2 kHz. The BM

I/O functions were derived from the temporal masking curves (TMCs) measured

via a forward masking experiment for the nine listeners.
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Procedure

Masker thresholds were measured as a function of the temporal gap between a 2-

kHz probe and a masker tone, either “on-frequency” at 2 kHz or “off-frequency” at

0.6 times the probe frequency. The thresholds were tracked using the Grid method

(Fereczkowski, 2015), which reduces the duration of the forward-masking experi-

ment. After three repetitions of the measurement, the on-frequency thresholds

were fitted for each listener with either two- or single sections, depending on the

estimated value of the Bayesian Information Criterion (Schwarz, 1978). This crite-

rion was used to avoid model overfitting. Off-frequency thresholds were fitted with

single sections in all cases. The fits were used to infer BM I/O functions following

the paradigm of Nelson et al. (2001). The inverse slope of the section comprising

the input stimulus level was taken as an estimate of the compression ratio (CR) at

2 kHz.

Stimuli

The masker tone duration was 200 ms and the probe tone duration was 16 ms.

Both were gated with 4-ms raised-cosine onset and offset ramps, hence the lengths

of the steady state portions were 192 and 8 ms, respectively. The probe level was

set at 10 dB above the absolute probe threshold. The stimuli were generated in

MATLAB (44100 Hz sampling rate, 24-bit rate) and presented via Sennheiser HDA

200 headphones.

2.2.5 Modeling the effects of cochlear compression and frequency

selectivity on envelope peakiness

HF-filtered complex tones (F0 = 100 Hz) with harmonics added either in SP or RP

were passed through a single fourth-order gammatone filter centred at 2 kHz, which

was adjusted in bandwidth to an “average NH listener” as well as to the individual

HI listeners according to the estimates from Experiment II (listed in Table 2.1). The

signal at the output of the filter (S filt) was then compressed according to S comp =

sign(S filt) · |S filt|
1

C R , where CR denotes the individual compression ratios estimated
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Table 2.1: Individual values of hearing level at 2 kHz, sound pressure level per harmonic component
used in Experiment I, auditory filter bandwidth estimated from Experiment II and compression ratio
(CR) estimated from Experiment III for the mean of the NH listeners and the individual HI listeners. (*)
from Lopez-Poveda et al. (2003).

Listener Hearing level at
2 kHz (dB HL)

Component
level (dB SPL)

Auditory
filter BW (Hz)

CR

Mean NH < 20 65 325 6.0 (*)
HI 1 40 71.2 898 1.3
HI 2 35 68.5 646 2
HI 3 45 73.8 753 1.7
HI 4 40 71 587 2.9
HI 5 60 80 979 1.4
HI 6 55 73 915 0.8
HI 7 50 72 1390 N/A
HI 8 50 77.2 968 1.4
HI 9 40 70 577 2.3

HI 10 55 80 778 1

from Experiment III (see Table 2.1). The Hilbert envelope of the compressed signal

was obtained and band-limited using a first-order low-pass filter with a cut-off

frequency of 150 Hz (Kohlrausch et al., 2000; Ewert and Dau, 2000). As a descriptor

of the peakiness of the resulting envelope E, the modulation power Pmod of the

output signal was calculated as the ratio between the envelope power and the

envelope DC, Pmo d =
1
N

∑N
n=1 E (n )2
�

1
N

∑N
n=1 E (n )
�2 , where N denotes the number of samples. The

simulations for the RP condition were iterated 100 times in order for the random

process to converge. The obtained Pmod values were then averaged across iterations.

As a result, Pmod values were obtained for a NH profile and the individual HI profiles

except for HI 7 (cf. Table 2.1). For each auditory profile, the modulation power

was obtained for the SP (Pmod, SP ) and RP (Pmod, RP ) complex tones. Finally, the

modulation power ratio, Pmod, SP

Pmod, RP
, was calculated.
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2.3 Results

2.3.1 Experiment I: Pitch-discrimination of complex tones

Figure 2.2 (top panels) depicts the mean pitch-discrimination thresholds for NH

listeners (black solid symbols), as well as the individual thresholds for HI listeners

(open symbols), for the SP condition (left panel), the RP condition (middle panel)

and the ratio between the RP and the SP thresholds (right panel). The thresholds for

the SP and RP conditions showed similar trends for the NH listeners, whereby F0DLs

decreased with increasing F0. A mixed-model ANOVA on the log-transformed

F0DLs with F0 and phase as fixed effects and subjects as a random effect confirmed

a significant effect of F0 for the NH listeners (F(8,176) = 55.61, p < 0.001), as well as

a significant interaction of F0 and phase (F(8,176)= 3.05, p= 0.003). These findings

are in agreement with previously reported pitch-discrimination thresholds (e.g.,

Bernstein and Oxenham, 2006b), where the improvement in performance with

increasing F0 was thought to reflect the progressive increase of the resolvability of

the harmonics and/or the increase in the effectiveness of temporal fine-structure

cues (Moore et al., 2006). Additionally, the SP condition yielded lower thresholds

as compared to the RP condition at low F0s (i.e., in the presence of unresolved

harmonics). This benefit in performance for the SP condition relative to the RP

condition (referred to as F0DL ratio, right panels in Fig. 2.2) was, on average, of

about a factor of 1.4 for F0s below 200 Hz for the nine NH listeners who completed

both measurements. No phase effects were found for F0s equal or larger than 200

Hz (mean F0DL ratio of 0.95), consistent with the presence of resolved harmonics

in the NH listeners above this F0 for complex tones filtered between 1.5 and 3.5

kHz (e.g., Bernstein and Oxenham, 2006b; Bianchi et al., 2016b).

The mean performance of the 10 HI listeners was generally worse than that of

the NH listeners. In fact, although some HI listeners showed a better performance

than the NH listeners at low F0s, the thresholds for the HI listeners were, on average,

larger than the thresholds for NH listeners (see Fig. 2.2, left and middle bottom

panels). A mixed-model ANOVA with F0, group and phase as fixed factors and

listeners as a random factor nested in group confirmed a significant effect of the
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Figure 2.2: Pitch-discrimination thresholds for the SP condition (left panels) and RP condition (middle
panels). The right panels depict the ratio of the RP and SP thresholds (F0DL ratio). The solid symbols
depict the mean results for 14 NH listeners in the left panels and 9 NH listeners in the middle and right
panels. The open symbols depict the individual results (top panels, same symbols as in Fig. 2.1) and the
mean results (bottom panels) for the 10 HI listeners. Error bars depict the standard error of the mean.
The grey-shaded region highlights the conditions (at F0s of 100 and 125 Hz) for which the harmonics
are considered to be unresolved.

fixed factors (F0: F(8,335) = 29.18, p < 0.001; group: F(1, 335) = 22.25, p < 0.001;

phase: F(1, 335) = 42.11, p < 0.001), as well as a significant interaction of group

and phase (F(1, 335) = 39.22, p < 0.001) and of group and F0 (F(8, 335) = 10.46, p <

0.001). The grey-shaded area in Fig. 2.2 depicts the two conditions (at F0s of 100

and 125 Hz) for which the harmonics could be considered completely unresolved,

i.e., when the lowest harmonic number was larger than or equal to 12 (Moore and

Moore, 2003). For these two unresolved conditions a mixed-model ANOVA (fixed

factors: group and F0; listeners as a random factor nested in group) revealed no

significant difference between the thresholds of the NH vs. the HI listeners for the

SP condition (group effect: F(1,47) = 1.53, p = 0.23), while a significant difference
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was present for the RP condition (group effect: F(1,37) = 9.44, p = 0.007). Two

post-hoc one-tailed t-tests using Bonferroni-adjusted alpha levels of 0.025 revealed

significantly larger thresholds for the HI vs. the NH listeners for both unresolved

RP conditions (100 Hz: p = 0.002; 125 Hz: p = 0.02). Thus, these findings revealed

that HI listeners performed similarly to NH listeners in pitch discrimination of

unresolved complex tones for the SP condition and worse than NH listeners for

the RP condition. Additionally, while NH listeners showed a moderate benefit in

performance for the SP condition relative to the RP condition (mean F0DL ratio of

1.3 for the two unresolved conditions; right panels in Fig. 2.2), HI listeners showed

a larger benefit, on average, of about a factor of 2.6 for the unresolved conditions.

2.3.2 Experiment II: Amplitude-modulation detection

Figure 2.3a depicts the amplitude-modulation detection thresholds for the individ-

ual HI listeners (open symbols), as well as the mean modulation thresholds for the

five NH listeners who completed Experiment II (filled squares). The modulation

thresholds for the NH listeners were independent of fm up to a modulation rate of

200 Hz. At modulation rates above 200 Hz, the thresholds decreased with increas-

ing fm, due to detection of the resolved sidebands (Kohlrausch et al., 2000; Ewert

and Dau, 2000). For the HI listeners, the TMTFs were flat up to modulation rates of

about 100 Hz. At these low fms, thresholds for most of the HI listeners were lower

than for the NH listeners, indicating a higher sensitivity to detect amplitude modu-

lations. A one-way unbalanced ANOVA on the thresholds up to 100 Hz confirmed

a significant group effect (F(1,44) = 5.98; p = 0.019, see mean thresholds on Figure

2.3b). Above 100 Hz, thresholds increased up to modulation rates of about 400 Hz

(or higher for some HI listeners) due to central limitations of the auditory system

to detect fast envelope fluctuations (Kohlrausch et al., 2000; Ewert and Dau, 2000).

After the maximum point of the TMTF, the thresholds of the HI listeners decreased

at different rates as the sidebands became resolved. The dotted vertical lines in

Fig. 2.3a depict the individual filter bandwidths, estimated as the fm leading to a

modulation threshold (on the fitted curve) that was 10.5 dB below the maximum

point of the TMTF. For the HI listeners, the estimated filter bandwidths ranged
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from 577 Hz (HI 9) to 1390 (HI 7). The individual values are presented in Table 2.1.

2.3.3 Experiment III: Estimates of BM I/O function and cochlear

compression

Figure 2.4 depicts the TMC thresholds (on-frequency masker: open symbols; off-

frequency masker: filled circles) measured in nine HI listeners, together with the

corresponding fits. The measured masking thresholds increased with increasing

masker-probe gap, consistent with the TMC data reported in the literature (e.g.,

Nelson et al., 2001). For most listeners the fitted sections to the on-frequency TMCs

(solid lines) were steeper than the corresponding off-frequency fits (dashed lines),

while for other listeners (HI 6, HI 10), the on- and off-frequency fits showed similar

slopes. This is consistent with some residual peripheral compression affecting the

on-frequency maskers in case of the former listeners, but not the latter.

Figure 2.5 depicts the BM I/O functions (solid lines) estimated for the same

nine listeners from the TMC fits. The linear reference is indicated by the dashed

lines. The portions of the BM I/O functions that are shallower than the linear

reference indicate the presence of peripheral compression in a given listener. The

BM I/O functions represent the off-frequency TMC threshold on the ordinate (i.e.,

the BM output level) vs. the on-frequency TMC threshold on the abscissa (i.e., the

BM input level) for each given masker-probe gap. Thus, as the BM I/O functions

were estimated only in the range where both on- and off-frequency TMCs were

measured, the obtained BM input-level range differed among listeners (i.e., from

12 dB for HI 3 to 34 dB for HI 1 and HI 4). The individual peripheral compression

at 2 kHz was estimated as the inverse of the slope (i.e., the compression ratio, CR,

see Table 2.1) of the fitted section comprising the input stimulus level (depicted by

the asterisks in Fig. 2.5). This level was estimated for each listener as the overall

level of a HF-filtered complex tone (at F0 = 100 Hz), at the output of an individually

adjusted gammatone filter centered at 2 kHz.
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Figure 2.3: a) Amplitude-modulation detection thresholds for a 2-kHz sinusoidal carrier as a function of
the modulation frequency for the 10 HI listeners (same open symbols as in Fig. 2.1; error bars depict the
standard deviation across the three repetitions of each experimental condition). The mean thresholds
for five NH listeners are also depicted in each panel for a comparison purpose (filled squares; error bars
depict the standard error of the mean). The dashed vertical lines depict the estimated filter bandwidth
as the fm leading to a modulation threshold that was 10.5 dB below the maximum point of the TMTF
(the obtained bandwidths are listed in Table 2.1). b) Mean thresholds for NH (closed squares) and HI
(open diamonds) listeners. Error bars depict the standard error of the mean.
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Figure 2.4: Temporal masking curves (TMCs) for nine HI listeners (HI 7 not measured), together with
the corresponding fits. The on- and off-frequency thresholds are depicted with open and filled circles,
respectively. The fits to the on-frequency data are shown with a solid line while the single-section fits to
the off-frequency data are shown with a dashed line.

2.3.4 Effects of cochlear compression and frequency selectivity

on pitch discrimination

As influencing factors such as musical training and individual cognitive resources,

as well as individual limitations (e.g., neural synchrony, internal noise level) are

likely to affect the overall pitch-discrimination performance, the ratio between the

RP and SP thresholds (F0DL ratio) was calculated for the individual HI listeners

as well as for the mean of the NH listeners (Fig. 2.2, right panels). The F0DL

ratio quantifies the relative increase in pitch-discrimination performance for the

unresolved SP complex tones with respect to their RP counterparts and allows for
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Figure 2.5: BM I/O functions (solid lines) estimated from the TMCs for nine HI listeners (HI 7 not
measured). The dashed line depicts the linear reference, i.e., the BM I/O function assuming absent
peripheral compression. The asterisks show the estimated levels of a HF-filtered complex tone at F0 of
100 Hz at the output of individually adjusted auditory filters at 2 kHz. The peripheral compression was
estimated at the levels marked by the asterisks and the individual values are listed in Table 2.1.

a comparison across listeners that is unbiased by the individual factors. Figure 2.6

shows the mean F0DL ratio for the two unresolved conditions (at F0s of 100 and

125 Hz) as a function of the estimated reduction of cochlear compression (1/CR,

calculated from Experiment III at the level indicated by the asterisk in Fig. 2.5; left

panel in Fig. 2.6) and filter bandwidth (estimates from Experiment II; right panel

in Fig. 2.6). The increase of the F0DL ratios for the HI listeners was significantly

positively correlated with the estimated loss of cochlear compression (left panel in

Fig. 2.6: R 2 = 0.56, p = 0.002). Thus, the lower the residual cochlear compression

the larger was the increase in pitch-discrimination performance for the SP relative
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Figure 2.6: Mean F0DL ratios for the two unresolved conditions (at F0s of 100 and 125 Hz) as a function
of the estimated loss of cochlear compression (left panel) and filter bandwidth (right panel). Solid
symbols depict the mean results for the 9 NH listeners that measured both SP and RP conditions. The
open symbols (same symbols as in Fig. 2.1) depict the individual results for HI listeners. Error bars
depict the standard error of the mean. The correlations were carried out only across the data for the HI
listeners.

to the RP complex tones. No significant correlation was found between F0DL ratio

and auditory filter bandwidth (R 2 = 0.03, p = 0.645; right panel in Fig. 2.6). Overall,

these findings suggest that loss of cochlear compression was the dominant factor

increasing the pitch-discrimination performance for the unresolved SP complex

tones relative to their RP counterparts.

2.3.5 Modeling the effects of cochlear compression and frequency

selectivity on envelope peakiness

The left panels in Figure 2.7 depict the modulation power of the SP (open symbols)

and RP (closed symbols) complex tones, estimated at the output of a peripheral

model individually adjusted according to the auditory profiles of the nine HI and
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the mean of the NH listeners. In the model, three simulations were run to clarify

the relative effect of auditory-filter bandwidth and cochlear compression on the

envelope representation of unresolved complex tones. In a first simulation (top

panels), auditory-filter bandwidth was varied according to the estimates from

Experiment II, while cochlear compression was fixed at a common value for NH

listeners (CR = 6, Lopez-Poveda et al., 2003). The simulation revealed no effect

of filter bandwidth on the modulation power of either the SP or RP signals. In a

second simulation (middle panels), cochlear compression was varied according to

the estimates from Experiment III, while filter bandwidth was fixed at the value of

325 Hz estimated for NH listeners (Experiment II). Reducing cochlear compression

yielded an increase in the modulation power of the SP complex tone, indicating an

increase of the envelope peakiness, while hardly affecting the modulation power

of the RP complex tones. In fact, since compression is a non-linear operation,

it mainly reduces the modulation depth of peaky signals. Thus, a reduction of

compression yielded a much larger enhancement of the modulation depth for

the SP than for the RP stimuli. In a third simulation (bottom panels), both filter

bandwidth and cochlear compression were varied according to the estimates from

Experiments II and III, respectively, yielding qualitatively similar results as for the

second simulation. While filter bandwidth had no effect on the first simulation (i.e.,

when the CR was fixed at a high value), in the third simulation filter bandwidth had

a small but consistent effect in increasing the modulation power by about a factor of

1.2 when the CR was close to 1 (i.e., in case of a large loss of compression: diamond,

star, left-pointing triangle), as a consequence of more harmonic components

passing through the filter.

Thus, these results demonstrate that the modulation power of the RP complex

tones was low (only slightly above 1, which would imply a flat envelope) and almost

independent of both filter bandwidth (top left panel in Fig. 2.7) and compression

(middle left panel in Fig. 2.7). In contrast, the modulation power of the SP complex

tone increased with increasing loss of compression (almost perfectly linear increase,

middle left panel) and, to a minor extent, when increasing filter bandwidth (only at

CRs close to 1). Thus, the envelope peakiness of the SP complex tone was increased

as compared to the RP envelope up to a factor of 3, mostly as a result of reduced
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compression.

This envelope enhancement was estimated as the ratio of the modulation power

for the SP complex vs. the RP complex (Pmod ratio). The obtained Pmod ratio was

then compared with the behavioral F0DL ratio for the unresolved conditions (right

panels of Fig. 2.7). While no correlation was found when only filter bandwidth

was varied (top right panel: R 2 = 0.19, p = 0.24), a significant correlation was

obtained when the individually adjusted loss of compression was introduced to the

model (middle right panel: R 2 = 0.57, p = 0.019). Additionally, adjusting the filter

bandwidth did not increase the correlation significantly (bottom right panel: R 2 =

0.58, p = 0.016). Thus, the modeling outcomes suggested that loss of compression

was the dominant factor in enhancing the envelope peakiness of an unresolved SP

complex tone relative to its RP counterpart. This enhancement was significantly

correlated with the benefit in pitch-discrimination performance for the SP relative

to the RP condition.

2.4 Discussion

2.4.1 Relation between behavioral results and envelope represen-

tation

The hypothesis of the current study was that if the envelope representation is

enhanced for listeners with SNHL (Kale and Heinz, 2010; Henry et al., 2014), pitch

cues for unresolved complex tones should also be enhanced if one assumes an

envelope coding mechanism for pitch extraction of unresolved harmonics. The

pitch-discrimination thresholds measured in the present study (Experiment I)

revealed that the HI listeners performed worse than the NH listeners for the RP

unresolved conditions (grey-shaded area on middle panels in Fig. 2.2). However,

the performance of the HI listeners was similar to that of the NH listeners when

the harmonics were added in SP (grey-shaded area on left panels in Fig. 2.2). This

finding is in agreement with previous studies showing similar performance of the

HI and NH listeners for pitch-discrimination of complex tones with unresolved

harmonics (Arehart, 1994; Bernstein and Oxenham, 2006b) and with stronger phase
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Figure 2.7: Left panels: Envelope modulation power of a complex tone (F0 = 100 Hz) with unresolved
harmonics added either in sine phase (SP, open symbols) or in random phase (RP, closed symbols)
at the output of a simplified peripheral model. Error bars for the RP condition depict the standard
deviations across the 100 iterations. Top panels: the gammatone filter bandwidth was varied according
to the individually estimated filter bandwidths from Experiment II, while normal-hearing compression
was applied (CR = 6); middle panels: cochlear compression was varied according to the estimates from
Experiment III, while filter bandwidth was fixed at 325 Hz; bottom panels: both cochlear compression
and filter bandwidth were varied. Right panels: correlations between the modulation power ratio
(SP/RP) and the behavioral results of Experiment I (mean F0DL ratio for the unresolved conditions).
The correlations were carried out only across the HI data.
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effects for the HI than for the NH listeners (e.g., Moore and Peters, 1992; Moore and

Carlyon, 2005; Bernstein and Oxenham, 2006b). In fact, in the presence of a peaky

envelope (SP condition), the pitch-discrimination performance of NH listeners

increased, on average, by a factor of 1.3 relative to the RP condition (for the two

unresolved conditions), while the performance of the HI listeners increased, on

average, by a factor of 2.6. Thus, although the overall performance of the HI listeners

was not better than that of the NH listeners, these findings suggest that HI listeners

benefited more from a peaky signal relative to a signal with a flatter envelope

in terms of pitch discrimination than NH listeners did. Hence, the behavioral

findings of Experiment I do not rule out an enhanced envelope representation

following SNHL. In fact, an envelope enhancement at the output of peripheral

stages of the auditory system might be counteracted by other factors limiting the

behavioral performance of the HI listeners (e.g., disrupted temporal fine-structure

cues, degradation of auditory-nerve coding, higher internal noise level, age-related

cognitive deficits). In agreement with this hypothesis, the results of Experiment II

revealed significantly lower (better) modulation detection thresholds for the HI

listeners (up to 100 Hz) as compared to NH listeners, consistent with previous

findings (Moore et al., 1996; Moore and Glasberg, 2001). Thus, when amplitude-

modulation detection is based on temporal envelope cues (i.e., when the sidebands

are not resolved), the HI listeners showed a higher sensitivity in detecting amplitude

modulations imposed on a sinusoidal carrier as compared to NH listeners.

While the larger benefit of HI listeners in pitch-discrimination performance

for the SP relative to the RP condition might be a consequence of more harmonics

being processed within broader than normal auditory filters, the lower thresholds

obtained in Experiment II for HI listeners cannot be explained by the larger num-

ber of harmonics within the same auditory filter. In fact, since the sinusoidally

amplitude-modulated tones of Experiment II contained only three frequency com-

ponents (fc-fm, fc, fc+fm), broader than normal auditory filters would not lead

to additional frequency components passing through the filter. At the very least,

the behavioral findings from Experiment I and II suggest that changes that cannot

be solely explained by broader auditory filters occurred in the internal envelope

representation of listeners with SNHL.
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2.4.2 F0DL ratio and individual measures of cochlear compres-

sion and filter bandwidth

In order to quantify the changes in the internal envelope representation, the in-

crease in pitch-discrimination performance for the SP condition relative to the RP

condition (F0DL ratio) was considered as an indicator of envelope coding indepen-

dent of musical abilities and other individual factors. Nine out of 10 HI listeners

exhibited F0DL ratios larger than those observed in the NH listeners for the two un-

resolved conditions (at F0s of 100 and 125 Hz). An increase of the F0DL ratio alone

does not necessarily imply an enhancement of envelope coding following SNHL.

The larger ratio represents a difference in the salience of temporal envelope cues

between the SP and RP complexes, but whether this is the result of an enhancement

of envelope cues in the SP condition or a worsening of envelope cues in the RP

condition cannot be clarified solely based on the behavioral data. The correlations

between the F0DL ratios and the individual estimates of cochlear compression

and filter bandwidth (Fig. 2.6) revealed a significant correlation for the HI listeners

between the increase in the F0DL ratio and the reduction of cochlear compression,

while no correlation was found with auditory-filter bandwidth. Thus, reducing

cochlear compression could account for the increase in performance for the SP

condition relative to the RP condition in listeners with SNHL.

Figure 2.8 depicts the correlation between the estimates of auditory-filter band-

width and cochlear compression obtained from Experiment II and III, respectively.

Although not significant, there was a trend of increasing bandwidth with increasing

loss of compression (R 2 = 0.44, p = 0.053). Cochlear compression and auditory-

filter bandwidth were found to be physiologically linked and dependent on the

cochlear active mechanisms (Ruggero, 1992). Indeed, an earlier psychoacoustic

study (Moore et al., 1999) found a significant correlation between filter bandwidth,

using the notched-noise method (e.g., Patterson, 1976), and estimated compres-

sion, using the growth-of-masking method (Oxenham and Plack, 1997). Thus, the

lack of a significant correlation between the two estimates might be due to the use

of AM-detection as a measure of frequency selectivity. This is discussed in more

detail further below.
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Figure 2.8: Correlation between the estimated auditory-filter bandwidth and loss of cochlear compres-
sion across the nine HI listeners (same open symbols as in Fig. 2.1) that participated in both Experiment
II and III.

2.4.3 Modeling results and envelope enhancement

Although auditory-filter bandwidth and cochlear compression are physiologically

linked, they may have different effects on the envelope at the output of the audi-

tory filters. Therefore, a simplified peripheral model that considers auditory-filter

bandwidth and cochlear compression as independent factors was used to quali-

tatively describe the relative effect of one factor versus the other on the envelope

representation of the unresolved complex tones.

The modulation power of a complex tone at the output of the model was used

as an indicator of the salience of temporal envelope cues for pitch discrimination

of unresolved complexes. The assumption was that the higher the modulation

power (i.e., the peakier the envelope), the larger was the salience of temporal pitch

cues. Thus, a higher modulation power would correspond to an improved perfor-

mance in pitch discrimination (i.e., a lower behavioral threshold). The simulation

outcomes revealed that reducing cochlear compression and, to a minor extent,

increasing the filter bandwidth led to an increase in the modulation power for

the unresolved SP complex tone, with reduction of compression clearly being the
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dominant factor (left panels in Figure 2.7). In contrast, the modulation power for

the RP complex did not vary with either reducing compression or increasing filter

bandwidth. Thus, the modeling outcomes suggest that the envelope cues for a RP

complex tone may be similar for HI and NH listeners at the output of peripheral

stages of the auditory system (provided that audibility is compensated for). As-

suming similar processes for NH and HI listeners after the cochlear stages, and

assuming a temporal-envelope pitch coding mechanism for unresolved complex

tones, one would predict similar performance for the RP condition in listeners

with SNHL as compared to NH listeners. However, the behavioral performance of

the HI listeners for the RP condition was, on average, worse than for NH listeners.

This finding suggests that other individual factors than outer-hair cell damage

might limit the performance of the HI listeners for both SP and RP conditions (e.g.,

disrupted temporal fine-structure cues, degradation of auditory-nerve coding,

internal noise). Thus, a possible enhancement of envelope cues following SNHL

cannot be revealed based on a comparison of pitch-discrimination thresholds in

HI vs. NH listeners, but rather on a comparison between SP vs. RP thresholds,

whereby the RP thresholds represent the baseline condition in each listener.

The ratio between the modulation power (Pmod ratio) for the SP condition (i.e.,

where an increase in the envelope peakiness occurred) and the modulation power

for the RP condition (i.e., where no increase occurred) was used as an estimate

of temporal envelope coding enhancement. The significance in the correlation

between the F0DL ratio and the Pmod ratio (right panels in Fig. 2.7) suggests that

the increase in pitch-discrimination performance for the SP relative to the RP

condition (i.e., the F0DL ratio) can be accounted for by the enhanced envelope for

the SP complex tone as compared to the RP baseline condition. Thus, the modeling

outcomes revealed that the larger the peripheral loss of cochlear compression, the

larger was the enhancement of temporal cues for the SP condition at the output of

peripheral stages of the auditory system.
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2.4.4 AM-detection as a measure of frequency selectivity

The lack of correlation between the F0DL ratio and the estimates of auditory-fil-

ter bandwidth (Fig. 2.6) may be related to the use of an amplitude-modulation

detection task to estimate frequency selectivity. Auditory-filter bandwidth was

estimated as the fm where the detection of sidebands was the dominant cue. Thus,

the threshold at this fm was probably determined by the upper slope of a filter

centered near the lower sideband (Sek and Moore, 1994; Kohlrausch et al., 2000),

which in some cases was remote from the center frequency of the stimulus. Al-

though these estimates may not provide a direct measure of frequency selectivity

at 2 kHz, but possibly at a lower frequency, they were consistent with the estimates

of cochlear compression at 2 kHz (see Figure 2.8). In fact, although not significant,

there was a trend of increasing bandwidth with increasing loss of compression.

The lack of correlation between the F0DL ratios and the estimates of auditory-filter

bandwidth was, nevertheless, supported by the simulation outcomes, where no

or little effect of bandwidth on the envelope peakiness was observed for the SP

condition (see Figure 2.7).

2.5 Conclusion

Overall, the results of the pitch-discrimination experiment revealed that the per-

formance of the HI listeners was, on average, similar to that of the NH listeners

for the SP unresolved complex tones, and worse for the RP complexes. Thus, the

increase in performance for the SP condition relative to its RP counterpart (F0DL

ratio) was significantly larger in the HI listeners as compared to the NH listen-

ers, indicating larger benefits in the presence of a peaky envelope (i.e., the SP

condition). This benefit was significantly correlated with the decrease in residual

cochlear compression estimated in the same HI listeners. Moreover, the outcomes

of a simplified peripheral model revealed that loss of cochlear compression was

the dominant factor in enhancing the envelope peakiness of the SP, but not RP

unresolved complex tones. This enhancement in the internal envelope represen-

tation of unresolved complex tones with harmonics added in SP could account
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for the increase in pitch-discrimination performance for the SP relative to the RP

condition in listeners with SNHL. Overall, the behavioral results of the present

study, together with the modeling outcomes, suggest that listeners with SNHL may

have enhanced temporal envelope cues at the output of peripheral stages of the

auditory system, primarily as a consequence of a reduced cochlear compression.
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3
Objective correlates of pitch salience

using pupillometrya

Abstract
Physiological correlates of pitch salience have been investigated in sev-

eral neuroimaging studies, via functional magnetic resonance imaging

and electrophysiological measures. In the present study, a novel ap-

proach to objectively estimate pitch salience was used. Pupil dilation

was measured as an indicator of the required effort in performing a

pitch-discrimination task for complex tones of varying pitch salience.

It has been shown that cognitive processing demands of the task can

be reflected in the pupil response, whereby pupil size increases with

increasing processing effort. The hypothesis was that pupil size would

increase with decreasing pitch salience indicating an increase of pro-

cessing effort to perform the task with less salient stimuli. A group of

normal-hearing listeners first performed a behavioral pitch-discrimi-

nation experiment, where fundamental frequency difference limens

(F0DLs) were estimated as a function of F0. The obtained pitch-dis-

crimination thresholds suggested that the pitch salience of complex

tones filtered in a high spectral region (1.5-3.5 kHz) increased with

increasing F0. In a second experiment, pupil dilations were recorded

while listeners were asked to perform a similar pitch-discrimination

a This chapter is based on Bianchi, F., Santurette, S., Wendt, D., Dau, T. (2014), Proc. of Forum Acus-

ticum, with additional content from Bianchi, F., Santurette, S., Wendt, D., Dau, T. (2015), Association

for Research in Otolaryngology, 38th Mid-Winter Meeting.

39
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task. Both the stimulus pitch salience and the difficulty of the dis-

crimination task were varied. Although the aim of this study was not

to clarify differences in processing effort between musically trained

and non-musically trained listeners, the pupil responses showed dif-

ferent trends for musicians and non-musicians. Pupil responses for

the musically trained listeners showed the expected trend, whereby

pupil size increased with decreasing pitch salience and increasing task

difficulty. Non-musically trained listeners also showed an increase

in pupil size from the most salient condition to the medium salient

condition, while a decrease in pupil size occurred for the least salient

condition, probably due to a too demanding pitch-discrimination task.

Overall, the findings of this study suggest that pupil responses may

reflect both the salience of the pitch-evoking stimuli and the difficulty

of the pitch-discrimination task.

3.1 Introduction

The perceptual pitch strength, or pitch salience, of complex tones has been largely

addressed in previous studies both behaviorally via pitch-discrimination thresh-

olds (e.g., Houtsma and Smurzynski, 1990; Shackleton and Carlyon, 1994; Bernstein

and Oxenham, 2003; Bernstein and Oxenham, 2006a; Bernstein and Oxenham,

2006b; Moore et al., 2006a; Micheyl et al., 2010) and objectively, via either func-

tional magnetic resonance imaging (Penagos et al., 2004; Hall and Plack, 2009;

Puschmann et al., 2010; Barker et al., 2011; Norman-Haignere et al., 2013) or

electrophysiological measures (e.g., Bidelman and Krishnan, 2009; Gockel et al.,

2011; Krishnan et al., 2012). Objective investigations of pitch coding in the human

cortical and subcortical structures focused on clarifying the existence of a pitch

center that would consistently respond to different pitch-evoking stimuli, with

responses proportional to the pitch salience of the stimulus (Hall and Plack, 2009).

Using functional magnetic resonance imaging, some studies (Penagos et al., 2004;

Norman-Haignere et al., 2013) observed a covariation of neural activity with pitch
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salience, whereby resolved complex tones (with a salient pitch) were found to elicit

a stronger neural activation than unresolved complex tones (with a less salient

pitch) in normal-hearing listeners.

In the present study, a new approach was used to indirectly investigate pitch

salience via task-evoked pupil response. Pupil dilation was used as an indicator of

the required processing effort in performing a pitch-discrimination task. Since it

has been shown that cognitive processing demands of the task can be reflected

in the pupil response (see e.g., Janisse, 1977; Beatty, 1982), the hypothesis of the

current study was that pupil size would increase with decreasing salience of the

stimuli. The aim was to clarify how effort varied during a pitch-discrimination task,

depending on the nature of the stimuli (i.e., resolved vs unresolved complex tones)

and the salience of the evoked pitch percept. In particular, this study addressed

two main questions: whether it is possible to measure a change in processing

effort during a pitch-discrimination task via task-evoked pupil response and if

this change can be related to the stimulus pitch salience. Pupillometry has so far

been used to estimate arousal, focussed attention, memory and cognitive effort

mostly in relation to speech processing (Zekveld et al., 2010; Zekveld et al., 2011;

Koelewijn et al., 2014), digit-list recall (Granholm et al., 1996; Piquado et al., 2010),

mathematical problem solving (Hess and Polt, 1964), or visual tasks (Bradshaw,

1967; Porter et al., 2007; Naber and Nakayama, 2013; Blaser et al., 2014). The

novelty of the current study lies in that pupillometry was used here in relation to

the processing effort involved in performing a pitch-discrimination task. Although

one previous study investigated pupil dilation during a pitch-discrimination task

(Kahneman and Beatty, 1967), to the knowledge of the authors this is the first study

that used task-evoked pupil dilation to systematically investigate the processing

effort in a pitch-discrimination task as an estimate of pitch salience.

Two experiments were performed. A first behavioral pitch-discrimination

experiment aimed at estimating the pitch salience of complex tones as a function

of the fundamental frequency (F0). Using a similar paradigm as Bernstein and

Oxenham (2006a), difference limens for F0 (F0DLs) were measured for resolved

and unresolved complex tones, whereby resolvability was defined by both the

frequency range in which the stimuli were filtered and the spacing between the
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harmonics (i.e., F0). In a second experiment, pupil dilation was measured during

a similar pitch-discrimination task. The difficulty of the task was individually

adjusted according to the results of the first experiment. Pupil size was recorded

for conditions below, at and above the individual pitch-discrimination thresholds

for resolved (high salience) and unresolved (low salience) complex tones to clarify

whether the processing effort to perform a pitch-discrimination task changes when

both stimulus salience and task difficulty are varied.

3.2 Experiment I: Difference limens for fundamental

frequency

3.2.1 Method

The pitch salience of complex tones was estimated behaviorally with a pitch-dis-

crimination task, where difference limens for F0 (F0DL) were measured as a func-

tion of F0.

Procedure

A three alternative forced choice (3 AFC) paradigm was used in combination with

a weighted up-down method (Kaernbach, 1991) to measure the 75% point on the

psychometric function. For each trial, two intervals contained a reference complex

tone with a fixed F0 (F0,ref: 100, 125, 150, 175, 200, 250, 300, 400, 500 Hz) and one

interval contained a deviant complex tone with a larger F0 (F0,ct). The listeners were

asked to listen to the stimuli and identify the deviant tone with the highest pitch.

The initial difference in F0 between reference and deviant,∆F0, (F0,ct - F0,ref)/F0,ref,

was set to 20% and was then logarithmically decreased by a varying step size every

second reversal. For each run, F0,ref was roved from trial to trial from a±5% uniform

distribution around the nominal value. The threshold for each run was obtained

as the geometric mean of the last 6 reversals. Each participant performed six

repetitions of the experiment, of which the first three were considered as training.

The final value of F0DL was calculated from the mean of the last three repetitions.
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Figure 3.1: Example of stimuli used in Experiment I and II: complex tones with an F0 of either 100 Hz or
500 Hz, filtered in either a low-frequency region (LF: 0.3-1.5 kHz) or high-frequency region (HF: 1.5-3.5
kHz).

The experiment took place in a double-walled soundproof booth.

Listeners

Fourteen normal-hearing listeners (six females), aged from 22 to 28 years old,

participated in the behavioral experiment. Six listeners were musically trained and

had played an instrument for more than three years. All listeners had audibility

thresholds of less than 20 dB hearing level (HL) at all audiometric frequencies

between 125 Hz and 8 kHz.
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Stimuli

All signals were generated digitally in MATLAB at a sampling rate of 48 kHz and

consisted of 300-ms complex tones embedded in broadband threshold equaliz-

ing noise (TEN, Moore et al., 2000). The level of the TEN was set to 55 dB SPL

per equivalent rectangular bandwidth (ERB, Glasberg and Moore, 1990) to mask

the combination tones. The complex tones were created by summing harmonic

components in sine phase and were filtered in a low-frequency (LF, 300-1500 Hz)

or high-frequency (HF, 1500-3500 Hz) region, with 50 dB/octave slopes. Figure

3.1 depicts the two extreme cases of complex tones with an F0 of either 100 Hz

(left panels) or 500 Hz (right panels), filtered either in the LF region (top panels) or

HF region (bottom panels) and embedded in TEN. In order to keep the sensation

level (SL) of the complex tones approximately constant across listeners, pure tone

detection in TEN background was performed at 1.5, 2, and 3 kHz (three repetitions

per frequency). For each listener, the mean detection threshold was calculated

across the three frequencies and the level of each harmonic component of the

complex tone was set at 12.5 dB SL re the mean threshold. The sound stimuli were

delivered through headphones (Sennheiser HDA 200).

3.2.2 Results

The mean pitch-discrimination thresholds for the 14 listeners are presented in

Fig. 3.2. In agreement with previous results (e.g., Bernstein and Oxenham, 2006a),

discrimination thresholds for complex tones filtered in a HF-region (filled circles)

decreased with increasing F0. For small F0s (100 and 125 Hz), the listeners needed,

on average, a∆F0 of about 5.8% to discriminate between reference and deviant

tones. With increasing F0, F0DLs decreased until a baseline value of 1.5% was

reached at 400 Hz. The descrease in pitch-discrimination thresholds is assumed to

reflect an increase in the resolvability of the harmonics (Bernstein and Oxenham,

2006b), as well as an increase in the availability of temporal fine structure cues

(Moore et al., 2006a). Perceptually, the decrease of F0DLs reflects an increase in

the salience of the evoked pitch percept (Micheyl et al., 2010). A mixed-model

ANOVA with F0 as fixed factor and listeners as random factor was fit to the HF
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Figure 3.2: Mean pitch-discrimination thresholds for 14 listeners, for complex tones filtered in a low-
frequency (LF, open squares) and high-frequency (HF, filled circles) region. The top curve depicts the
fitted sigmoid to the HF data, whereas the lower curve shows the mean LF-threshold. Error bars depict
the standard error of the mean.

thresholds and confirmed a significant effect of F0 (F(8,125) = 29.6; p < 0.0001). A

sigmoid function was fitted to the HF-thresholds and the point halfway between

the maximum and the minimum thresholds (on a log scale) occurred at a∆F0,50%

of 3% when the transition F0s (F0,tr) was 195 Hz (dashed line in Fig. 3.2). The F0,tr

is thought to reflect the transition point from unresolved to resolved harmonics

of the complex tone (Bernstein and Oxenham, 2006b). The mean discrimination

thresholds for the LF-filtered complex tones (open squares) were, on average,

around 1.5% and did not show a significant effect of F0 (F(4,69) = 1.72; p = 0.16).

3.3 Experiment II: Pupillometry

3.3.1 Method

In the second experiment, pupil dilation was measured during a pitch-discrimina-

tion task. Pupil size was recorded for conditions of varying pitch salience, below,

at and above the individual pitch-discrimination threshold to investigate how



46 3. Objective correlates of pitch salience using pupillometry

processing effort varied with stimulus salience and task difficulty.

Procedure

The listeners were presented with three consecutive complex tones, two references

with a fixed F0 and one deviant with a higher F0 (see Fig. 3.3(c)). For each listener,

the difference in F0 between reference and deviant,∆F0, was adjusted according to

the thresholds of Experiment I (cf. Sec. 3.3.1). Each trial consisted of 2 seconds of

initial silence, followed by 3.8 seconds of sound stimulation. Figure 3.3(c) depicts

the sound stimulation paradigm, consisting of 2.3 seconds of initial baseline (TEN

at 55 dB/ERB), followed by 1.5 seconds of stimulation with complex tones (two

references and one deviant) embedded in TEN. After stimulus presentation, the

listeners had 3 seconds to identify the deviant by pressing a key on the keyboard.

The listeners were ask to fixate on a marker on the screen and blink as little as

possible while performing the task. Pupil size was recorded for the whole duration

of each trial (i.e., 2 s-silence, 3.8 s-stimulation, 3 s-task) using an eye-tracking

device (EyeLink 1000, SR Research Ltd), which used infrared tracking technology

to measure the pupil area (in arbitrary units). Percentage of correct deviant iden-

tification was also measured for each condition. The experiment took place in a

double-walled soundproof booth. After a short training session, each listener per-

formed 15 repetitions of each stimulus condition (i.e., 90 trials), for a total duration

of the experiment of 20 minutes.

Listeners

Eleven listeners (7 females) participated in Experiment II. Six of these listeners

had participated previously in Experiment I. Six listeners were musically trained

(indicated with asterisks in Table 3.1) with at least three years of formal musical

training and five listeners had no prior musical experience.

Stimuli

In order to keep the difficulty of the task similar across listeners, the difference

in F0 between reference and deviant (∆F0) was set at the point halfway between
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Figure 3.3: a) Schematic illustration of the stimulus conditions used in Experiment II. Pitch-discrimina-
tion was performed for complex tones at three different F0s (100 Hz, F0,tr and 500 Hz). The difference
in F0 between the reference and deviant tone was adjusted at an individually fixed value of ∆F0,50%
(cf. Table 3.1). Both frequency regions (LF, blue curve; HF, red curve) were tested at the same∆F0,50%,
yielding conditions of varying task difficulty (cf. Fig. 3.3(b)). b) Summary of the six conditions presented
in Experiment II. Complex tones filtered in a LF region are depicted in blue and complex tones filtered
in a HF region are depicted in red. Resolvability and, thus, pitch salience increase with increasing F0 for
the HF-filtered complex tones, while all LF conditions are resolved independent of F0. Task difficulty
was varied by adjusting∆F0 to be below (high difficulty), at (medium difficulty) and above (low diffi-
culty) the individual pitch-discrimination thresholds from Experiment I. c) Stimulus presentation for
Experiment II. Each trial consisted of 2.3 s of baseline with noise (TEN at 55 dB/ERB), followed by three
complex tones embedded in TEN for a total of 3.8 s of sound stimulation. The downwards pointing
triangle indicates the deviant complex tone with a higher F0 than the two references. The listeners’
task was to identify the deviant by pressing a key on the keyboard after stimulus presentation. Pupil
responses were recorded for the whole duration of the trial.
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maximum and minimum of the sigmoid fitted to the individual F0DLs (∆F0,50%,

see Fig. 3.3(a)). For the listeners that did not partcicipate in Experiment I,∆F0 was

set at 3%, i.e., at the mean∆F0,50% obtained for all 14 listeners (see Fig. 3.2). Table

3.1 depicts the values of ∆F0,50%, as well as the corresponding F0,trs, which were

used in Experiment II for each listener.

Similar complex tones as for the behavioral experiment (see Sec. 3.2.1) were

used in the current experiment. Overall, six conditions were tested, namely, com-

plex tones at three different F0s (100 Hz, F0,tr, and 500 Hz), filtered in either a

low- or high-frequency regions (see Fig. 3.3(a) and 3.3(b)). The three LF-conditions

were tested at a∆F0 above the mean pitch-discrimination threshold, yielding to

three high-salience conditions tested with an easy discrimination task. The three

HF-conditions were tested below (100 Hz), at (F0,tr), and above the pitch-discrimi-

nation threshold (500 Hz), yielding to conditions with concomitantly increasing

pitch salience and descreasing task difficulty (summarized in Fig. 3.3(b)).

Data Analysis

For each trial, the mean baseline was calculated by averaging the mean pupil

size in the 0.7-s interval preceding the beginning of stimulation with complex

tones. The mean baseline was then subtracted from each trial. The mean pupil

size across the 15 repetitions was calculated for each condition, and pupil sizes

exceeding ±3 standard deviations from the mean value were coded as eye blinks.

Trials containing more than 15% of samples as eye blinks during complex-tone

stimulation were excluded from the analysis (Zekveld and Kramer, 2014; Wendt

et al., 2016). The data were filtered by a 15-point moving average smoothing filter.

All statistical analyses were performed in MATLAB.

3.3.2 Results

Although the aim of this study was not to clarify differences in processing effort be-

tween musically trained and non-musically trained listeners, the pupil responses

showed different trends for the two groups of listeners. Thus, results for musi-

cians and non-musicians are presented and discussed separately. The mean pupil
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Table 3.1: Individual values of∆F0,50% and F0,tr used for the pupillometry experiment. Asterisks denote
the musically trained listeners.

Listener ∆F0,50% [%] F0,tr [Hz]

1* 3.8 218.6
2* 2.5 215.8
3* 2 142
4* 3 200
5* 3 200
6* 3 200
7 3 200
8 3 200
9 3.3 252.9

10 3.6 213.9
11 6 189.2

dilations for the six musically trained listeners are presented in Fig. 3.4 (top pan-

els), and the mean dilations for the five non-musically trained listeners in Fig. 3.4

(bottom panels). The left panels in Fig. 3.4 depict the mean pupil responses for

each group of listeners as a function of time. The time axis refers to the beginning

of stimulation with complex tones (i.e., time zero in Fig. 3.4 refers to time 2.3 s

in Fig. 3.3(c)). Four conditions are presented: the mean dilation for the three LF

control conditions (gray curve) and dilations for each of the three HF-conditions,

respectively, for an F0 of 100 Hz (black curve), F0,tr (red curve), and 500 Hz (blue

curve). For all conditions, pupil size increased during stimulation with complex

tones until reaching a maximum dilation point at about 2 seconds after stimulus

(complex tones) onset. After the maximum dilation point, pupil size decreased

at different rates depending on the condition tested. For the musically trained

listeners, the least salient condition (black curve) led to a longer-sustained pupil

dilation, while the two most salient conditions (gray and blue curves) led to a faster

decay. For the non-musically trained listeners, the medium-salient condition (red

curve) led to the largest dilations both during and after stimulation. The time-av-

eraged pupil size was calculated from the maximum dilation point (1.9 s, dashed

line in Fig. 3.4) until 3.5 seconds after stimulus (complex tones) onset. The ob-
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tained time-averaged values of pupil dilation, as well as the percentage of correct

deviant identifications are presented for each condition in the right panels of Fig.

3.4. Although a mixed-model ANOVA with conditions as fixed factor and listeners

as random factor did not reveal a significant general effect of conditions on the

time-averaged pupil dilation (musicians: F(3,23) = 3.2, p = 0.053; non-musicians:

F(3,19) = 3.15, p = 0.065), a t-test revealed a significant difference in pupil size

between the least salient condition (black bar) and the most salient condition (blue

bar) for the musicians (p = 0.035). It is, however, unclear whether the increase in

pupil size was driven by the decrease in the salience of the stimuli (from resolved

to unresolved harmonics) or by the increase in the task difficulty (from a condition

tested above the pitch-discrimination threshold to a condition tested below the

threshold). For the non-musicians, pupil size increased from the 500 Hz- to the

F0,tr-condition, but it did not increase further for the 100-Hz condition. This find-

ing, together with the very low performance of the non-musicians in the 100-Hz

condition (42% correct performance), suggests that the task for this condition was

probably too demanding for the non-musically trained listeners. Effort might have

dropped as a consequence of a task exceeding the participant’s ability (Zekveld

and Kramer, 2014).

3.4 Discussion

The pitch salience of complex tones was first estimated behaviorally via F0DLs.

In agreement with previous findings (e.g., Bernstein and Oxenham, 2006a; Bern-

stein and Oxenham, 2006b), a significant decrease of F0DLs was obtained when

increasing the F0 of complex tones filtered in a HF-region (Fig. 3.2, filled circles).

This decrease is thought to reflect the transition point from unresolved to resolved

harmonics (Bernstein and Oxenham, 2006b) as well as the increase in the avail-

ability of temporal fine structure cues (Moore et al., 2006a), when decreasing the

lowest harmonic number present in a complex tone. Additionally, a decrease in the

F0DLs reflects an increase in the salience of the evoked pitch percept (e.g., Houtsma

and Smurzynski, 1990; Shackleton and Carlyon, 1994; Micheyl et al., 2010). As a
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Figure 3.4: Left panels: mean pupil dilation across listeners as a function of time. The time-axis refers to
the beginning of stimulation with complex tones. Mean results averaged across the three LF-conditions
are depicted in gray; results for the HF-conditions at F0s of 100 Hz, F0,tr (indicated as 200 Hz in the
legend), and 500 Hz are depicted in black, red and blue, respectively. Right panels: time-averaged value
of pupil dilation, calculated from the maximum dilation point (around 2 s) until 3.5 s after stimulus
onset. Error bars depict the standard error of the mean at the maximum pupil dilation point. The values
on top of the right panels indicate the percentage of correct deviant identification in each condition.
Top panels: Mean results for six musically trained listeners. Bottom panels: Mean results for five
non-musically trained listeners.

control condition, pitch salience was also estimated for complex tones filtered in

a LF-region. The results showed that increasing F0 did not have any significant

effect on the pitch-discrimination thresholds for the LF conditions (Fig. 3.2, open

squares). This is consistent with narrower auditory filters at low frequencies (on a

linear scale, Glasberg and Moore, 1990), which allow the harmonics to be resolved

already for small F0s.

The aim of this study was to clarify whether pupil dilation, considered as an

indicator of the required effort to perform a pitch-discrimination task, could reflect

the pitch salience evoked by resolved and unresolved complex tones. The hypothe-
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sis was that the processing effort during a pitch-discrimination task would increase

with decreasing pitch salience and with increasing task difficulty. Thus, it was

predicted that effort would be highest in the low-salience condition tested below

threshold (i.e., the 100 Hz-condition in the HF-region) and lowest in the salient

conditions tested above threshold (i.e., LF-conditions and 500 Hz-condition in the

HF-region). Pupil dilation was, as expected, smaller for the most salient conditions

(gray and blue bars in Fig. 3.4) than for the other conditions for both musically

trained and non-musically trained listeners. However, only the musically-trained

listeners showed the largest pupil dilation (i.e., the highest processing effort) for

the least salient condition (black bar). Interestingly, the non-musicians showed the

largest processing effort for the medium salient condition (red bar) and a decrease

of effort for the least salient condition tested below threshold (black bar). This

finding might be explained in the light of previous studies (Pook, 1973; Granholm

et al., 1996; Zekveld and Kramer, 2014), where pupil responses were investigated

during highly demanding tasks. It was found that pupil size was the largest for

medium-difficulty conditions, while it decreased for very difficult conditions (i.e.,

when the percentage of correct responses in the behavioral task was lower than

50%). Thus, in the presence of a task that exceeded the participant’s ability, the

decrease in pupil dilation reflected the fact that the listener often "gave up" (cog-

nitive processing overload; Zekveld and Kramer, 2014). In the current study, the

difficulty of the task in the below threshold condition (black bar) was higher for the

non-musicians than for the musicians. In fact, the behavioral thresholds obtained

in Experiment I were larger for the non-musicians than for the musicians (F0DLs

of 7% vs 4% at 100 Hz). Thus, the ∆F0,50% used in Experiment II for the 100-Hz

condition probably corresponded to a lower point on the psychometric function

for the non-musically trained than for the musically trained listeners, leading to

a too difficult task. This was also confirmed by the low score in correct deviant

identification (42% for the non-musically trained vs 63% for the musically trained

group). Additionally, it should be noted that since the discrimination task appeared

not to be equally demanding across participants, the effort related to a specific

condition could not be directly compared across the two groups of listeners.

Finally, in the current paradigm, stimulus-evoked pitch salience and the dif-
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ficulty of the task (defined by the difference between ∆F0,50% and the listener’s

threshold) concomitantly varied, so it was not possible to disentangle the effect of

one factor relative to the other on the pupil responses. Since all salient conditions

were tested with an easy task and the least salient condition was only tested with a

difficult task, it is unclear whether pupil dilations were driven by stimulus salience

per se and/or by task difficulty. Overall, the observed increase in pupil size suggests

an increasing effort required for performing the task with either decreasing F0 for

the HF-filtered conditions (i.e., with decreasing harmonic resolvability and pitch

salience) or/and with increasing task difficulty.

3.5 Conclusion

The present study addressed two main questions: whether it is possible to measure

a change in processing effort during a pitch-discrimination task and if this change

can be related to pitch salience. The findings of this study revealed that it is possible

to measure processing effort during a pitch-discrimination task via task-evoked

pupil response. However, it remains unclear whether this change was driven by

pitch salience and/or by task difficulty. When the difficulty of the task was indi-

vidually adjusted according to the behavioral data, the musically-trained listeners

showed pupil dilations in line with the initial hypothesis, whereby processing effort

increased with decreasing the salience of the stimuli and increasing the difficulty

of the task. The non-musically trained listeners also showed an increase in pupil

size from the easy conditions to the medium-difficulty condition, but a decrease in

processing effort was obtained for the least salient condition, probably as a result of

a cognitive processing overload (i.e., the listeners gave up when the task exceeded

their abilities). Future work may clarify the relative importance of stimulus salience

and task difficulty for pupil dilations during a pitch-discrimination task.
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4
Pitch Discrimination in Musicians and

Non-Musicians: Effects of Harmonic

Resolvability and Processing Efforta

Abstract
Musicians typically show enhanced pitch discrimination abilities com-

pared to non-musicians. The present study investigated this perceptual

enhancement behaviorally and objectively for resolved and unresolved

complex tones to clarify whether the enhanced performance in mu-

sicians can be ascribed to increased peripheral frequency selectivity

and/or to a different processing effort in performing the task. In a

first experiment, pitch discrimination thresholds were obtained for

harmonic complex tones with fundamental frequencies (F0s) between

100 and 500 Hz, filtered in either a low- or a high-frequency region,

leading to variations in the resolvability of audible harmonics. The re-

sults showed that pitch discrimination performance in musicians was

enhanced for resolved and unresolved complexes to a similar extent.

Additionally, the harmonics became resolved at a similar F0 in mu-

sicians and non-musicians, suggesting similar peripheral frequency

selectivity in the two groups of listeners. In a follow-up experiment,

listeners’ pupil dilations were measured as an indicator of the required

effort in performing the same pitch discrimination task for conditions

a This chapter is based on Bianchi, F., Santurette, S., Wendt, D., Dau, T. (2016), J. Assoc. Res. Otolaryngol.

17, pp. 69-79.
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of varying resolvability and task difficulty. Pupillometry responses

indicated a lower processing effort in the musicians versus the non-

musicians, although the processing demand imposed by the pitch

discrimination task was individually adjusted according to the behav-

ioral thresholds. Overall, these findings indicate that the enhanced

pitch discrimination abilities in musicians are unlikely to be related to

higher peripheral frequency selectivity and may suggest an enhanced

pitch representation at more central stages of the auditory system in

musically trained listeners.

4.1 Introduction

Musicians typically show enhanced pitch discrimination ability compared to non-

musicians, consistent with the finding that musicians are more sensitive to some

acoustic features critical for both speech and music processing (e.g., Spiegel and

Watson, 1984; Kishon-Rabin et al., 2001; Micheyl et al., 2006; Anderson and Kraus,

2011). Although there is evidence of anatomical changes in the musicians’ au-

ditory and motor-related structures and enhanced neural responses to sounds

(for a review, see Zatorre and Zarate, 2012; Barrett et al., 2013), it is still unclear

which mechanisms underlie a perceptual pitch discrimination advantage. A recent

study suggested an enhancement of peripheral frequency selectivity in musicians,

whereby narrower auditory filters were psychoacoustically estimated in musically

trained listeners as compared to non-musicians (Bidelman et al., 2014; Bidelman

et al., 2016). Other studies observed an increased subcortical neural synchrony

in response to speech in noise resulting in a more precise temporal and spectral

representation of the signal (Parbery-Clark et al., 2009; Anderson and Kraus, 2011).

It has been suggested that a training-dependent component might be responsible

for enhancing neural responses to sounds (e.g., Zatorre and Zarate, 2012; Barrett

et al., 2013), although not all studies reporting neural coding enhancements in mu-

sicians have shown correlations with the extent of musical training (Parbery-Clark

et al., 2009; Parbery-Clark et al., 2012)
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To clarify which mechanisms lead to enhanced pitch discrimination perfor-

mance in musicians, the current study investigated complex-tone pitch discrim-

ination behaviorally and objectively in musicians versus non-musicians. While

an enhancement in pitch discrimination was previously reported for pure tones

(Spiegel and Watson, 1984; Kishon-Rabin et al., 2001) and complex tones containing

resolved harmonics (Micheyl et al., 2006; Allen and Oxenham, 2014), pitch discrim-

ination performance for unresolved complexes in musicians versus non-musicians

has not been reported so far. Resolved complex tones contain low-numbered har-

monics which are processed by individual auditory filters on the basilar membrane

and, thus, convey both frequency and time information. Unresolved complex

tones consist of high- numbered harmonics which interact within a given auditory

filter and do not convey frequency information about the individual harmonics.

As a result, the pitch of resolved complex tones may be retrieved by either spectral

and/or temporal cues, whereas the pitch of unresolved complex tones can only

be retrieved via temporal coding mechanisms (for a review, see De Cheveigné,

2005). The hypothesis of the current study was that a greater enhancement in

performance for resolved (vs. unresolved) complex tones would suggest a finer

spectral resolution along the auditory system in musicians. In contrast, a simi-

lar enhancement for resolved and unresolved complexes would suggest a greater

general ability to attend to and extract pitch-related features following musical

training.

Three experiments were performed. First, pitch discrimination thresholds were

estimated as a function of the fundamental frequency (F0) to clarify whether musi-

cal training improved discrimination of complex tones containing resolved versus

unresolved harmonics to the same extent. Moreover, the transition point at which

harmonics became resolved was derived from the individual pitch discrimination

thresholds and used as an estimate of auditory filter bandwidths to compare pe-

ripheral frequency selectivity in musicians versus non-musicians. This approach

to estimate filter bandwidths was suggested by Bernstein and Oxenham, 2006b,

who showed a significant correlation between traditional measures of frequency

selectivity and the transition point for harmonic resolvability.

Second, pupil responses were recorded as a physiological correlate of process-
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ing effort, while the listeners were performing the same pitch discrimination task.

The rationale behind this was to investigate how processing effort (as reflected by

task-evoked pupil dilations; e.g., Janisse, 1977; Beatty, 1982) varied in musicians

and non-musicians, when varying the processing demand imposed by the listening

condition. While it has been shown that processing effort increases with increasing

the processing demand of the listening condition for speech (Johnsrude and Rodd,

2015), to the knowledge of the authors, this is the first study to investigate pupil

dilation during a pitch discrimination task with varying harmonic resolvability

and task difficulty. While in a previous study (Bianchi et al., 2014), pupil dilations

were measured for conditions with concomitantly varying harmonic resolvability

and task difficulty, a new experimental design was used here to disentangle the

effects of resolvability and task difficulty on pupil dilations. In experiment 2, pitch

discrimination thresholds were measured behaviorally at three F0s (i.e., three levels

of resolvability) and at three different points of the psychometric function (i.e.,

three levels of task difficulty). The individual thresholds were then used in the

pupillometry measurement (experiment 3) to set conditions that matched in task

difficulty and resolvability across listeners. As the processing demand imposed by

the pitch discrimination task was, thus, similar for musicians and non-musicians,

the hypothesis was that pupil dilations (indicating required processing effort to

perform the task) should be similar in the two groups of listeners, if one assumes

similar pitch representations along the auditory pathway in musicians and non-

musicians. In contrast, smaller pupil dilations (indicating lower processing effort)

in musicians would suggest an enhanced pitch representation along the auditory

system following musical training (e.g., finer spectral resolution and/or finer F0

representation at central stages of the auditory system).

4.2 Method

4.2.1 Experiment 1: Behavioral Pitch Discrimination Thresholds

Pitch discrimination thresholds for complex tones were estimated behaviorally via

difference limens for F0 (F0DLs) as a function of F0. The aim was to clarify whether
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musical training improved pitch discrimination of resolved and unresolved com-

plex tones to the same extent. The resolvability of the complex tones was varied by

filtering the stimuli in a high-frequency (HF) region and by systematically varying

F0, such that neighboring harmonics would become resolved with increasing F0.

Complex tones filtered in a low-frequency (LF) region were used as a baseline

(control) condition, since here the auditory filters are narrower and the stimuli

always contain resolved harmonics for the same range of F0s.

Listeners

Six musicians (more than 3 years of formal musical training, four females) and

eight non-musicians (no formal musical training, two females) participated in

experiment 1. Ages ranged from 22 to 28 years, with a mean of 25.3 and a median

of 25 years. None of the listeners was a tone language speaker. All participants

provided written informed consent to participate in the study. All experiments

were approved by the Science Ethics Committee for the Capital Region of Denmark.

All listeners had audibility thresholds of less than 20 dB hearing level (HL) at all

audiometric frequencies between 125 and 8 kHz. The experiment was carried

out in a double-walled soundproof booth. The listeners were asked to listen to

the stimuli and identify the complex tones with the highest pitch by pressing a

response button on the keyboard.

Stimuli

All signals were generated digitally in MATLAB at a sampling rate of 48 kHz and

consisted of 300-ms complex tones embedded in broadband (20–10 kHz) threshold

equalizing noise (TEN, Moore et al., 2000). The stimuli were delivered monaurally

to the right ear through headphones (Sennheiser HDA 200). The sound pressure

level (SPL) of the TEN was set to 55 dB per equivalent rectangular bandwidth (ERB,

Glasberg and Moore, 1990) to mask combination tones. The complex tones were

created by summing harmonic components in sine phase and were bandpass-

filtered in a LF (300–1500 Hz) or HF (1500–3500 Hz) region with 50 dB/oct. slopes.

Fourteen conditions were tested in total (nine F0s in the HF region at the F0s of 100,
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125, 150, 175, 200, 250, 300, 400, and 500 Hz; five conditions in the LF region at the

F0s of 100, 150, 200, 300, and 500 Hz). In order to keep the sensation level (SL) of

the complex tones approximately constant across listeners, pure-tone detection

in a TEN background was performed at 1.5, 2, and 3 kHz (three repetitions per

frequency) before the experiment. For each listener, the mean detection threshold

was calculated across the three frequencies and the level of each component of the

complex tone (within the passband) was set to 12.5 dB above the mean threshold.

Procedure

A three-alternative forced-choice (3 AFC) paradigm was used in combination with

a weighted up-down method (Kaernbach, 1991) to measure the 75% point on the

psychometric function. In each trial, two intervals contained a reference complex

tone with a fixed F0 (F0,ref) and one interval contained a deviant complex tone

with a larger F0 (F0,dev). F0,ref was roved from trial to trial from a ±5% uniform

distribution around the nominal value. For each run, the initial difference in F0

between reference and deviant,∆F0, (F0,dev - F0,ref) / F0,ref, was set to 20% and was

then logarithmically decreased by a varying step size every second reversal. The

threshold for each run was obtained as the geometric mean of the last six reversals.

Each listener performed six repetitions of the experiment, of which the first three

were considered as training. The conditions were presented in random order within

each repetition. The final value of F0DL was calculated from the geometric mean

of the last three repetitions.

4.2.2 Experiment 2: Effects of Harmonic Resolvability and Task

Difficulty

In experiment 2, F0DLs were measured as in experiment 1, for a subset of F0s and at

three different points on the psychometric function. The aim was to behaviorally

determine the individual thresholds for different performance levels, such that

task difficulty could be matched across listeners in experiment 3.
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Figure 4.1: Summary of the 11 conditions used in experiments 2 and 3. Complex tones filtered in a LF
region are depicted in blue and complex tones filtered in a HF region are depicted in red. Task difficulty
was varied by adjusting∆F0 according to the individual pitch-discrimination thresholds at the 60%
(high difficulty), 75% (medium difficulty) and 90% (low difficulty) points on the psychometric function.

Listeners

Ten musicians (more than 4 years of formal musical training, six females) and

10 non-musicians (no formal musical training, four females) participated in the

behavioral experiment. Ages ranged from 23 to 28 years, with a mean of 25.8 and a

median of 26 years. All listeners had audibility thresholds of less than 20 dB HL at

all audiometric frequencies between 125 and 8 kHz.

Stimuli

The complex tones were generated as in experiment 1. Figure 4.1 shows a summary

of the 11 tested conditions (nine conditions in the HF region, 60, 75, and 90% points

on the psychometric function at the F0s of 100, 200, and 500 Hz; two conditions in

the LF region, 75% point at the F0s of 100 and 500 Hz).



62 4. Effects of Harmonic Resolvability and Processing Effort

Prodedure

A similar 3 AFC paradigm as in experiment 1 was used here in combination with a

weighted up- down method to track the 60, 75, and 90% points on the psychome-

tric function. Pitch discrimination thresholds were measured at three F0s (F0,ref

100, 200, 500 Hz), corresponding to three levels of resolvability for the HF-filtered

complex tones (100 Hz, unresolved components; 200 Hz, transition point; 500 Hz,

resolved components). Each listener performed five repetitions of the experiment,

of which the first two were considered as training.

4.2.3 Experiment 3: Pupil Dilations During Pitch Discrimination

In experiment 3, pupil dilation was measured during a pitch discrimination task.

Pupil size was recorded for the 11 conditions of experiment 2 (see Figure 4.1) to

investigate how processing effort varied with resolvability and task difficulty.

Listeners

The same listeners that participated in experiment 2 also performed the pupillom-

etry measurement.

Stimuli

Similar complex tones as for experiment 1 were used in the current experiment.

For each listener and condition, the difference in F0 between reference and deviant,

∆F0, was set at the behavioral threshold obtained in experiment 2. Thus, pupil dila-

tions were measured at three task difficulty levels (60% point on the psychometric

function, high task difficulty; 75%, medium task difficulty; 90%, low task difficulty),

three resolvability levels in the HF region (100 Hz, only unresolved harmonics;

200 Hz, transition point from experiment 1; 500 Hz, resolved harmonics), and two

control conditions in the LF region (resolved complexes at medium task difficulty).

These two control conditions were chosen to control that pupil responses to the

HF stimuli were due to changes in the resolvability of the harmonics and not to

changes in F0.
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Procedure and equipment

The listeners were presented with three consecutive complex tones, two references

with a fixed F0 and one deviant with a higher F0. The deviant was presented in a

random position among the references (either as first, second, or third stimulus).

Each trial consisted of 2 s of initial silence, followed by 3.8 s of sound stimulation.

Sound stimulation comprised 2.3 s of initial baseline (TEN at 55 dB/ERB), followed

by 1.5 s of stimulation with complex tones embedded in TEN (two references and

one deviant). After stimulus presentation, the listeners had 3 s to identify the

deviant by pressing a key on the keyboard. During the whole duration of the trial

(8.8 s), listeners were asked to fixate a dot that was presented on the computer

screen, while an eye tracker system (EyeLink 1000 Plus, SR Research Ltd) was

used with a sampling rate of 1000 Hz to monitor the participants’ pupil area. The

visual stimulus was presented on a 22 inches computer screen with a resolution

of 1680×1050 pixels. Participants were seated 60 cm from the computer screen,

and a chin rest was used to stabilize their head. The eye tracker sampled only from

the left eye. The listeners’ task was to identify the complex tones with the highest

pitch. The percentage of correct deviant identification was also measured for each

condition. After a short training session, each listener performed 15 repetitions of

each stimulus condition (i.e., 165 trials), randomly presented, for a total duration

of the experiment of 40 min.

Data Analysis

For each trial, the mean baseline was calculated by averaging the mean pupil

size in the 0.7-s interval preceding the beginning of stimulation with complex

tones. The mean baseline was then subtracted from each trial. The mean pupil

size across the 15 repetitions was calculated for each condition, and pupil sizes

exceeding ±3 standard deviations from the mean value were coded as eye blinks.

Trials containing more than 15% of samples as eye blinks during complex-tone

stimulation were excluded from the analysis (Zekveld and Kramer, 2014). To avoid

artifacts, samples in a range from 35 to 70 ms around eye blinks were discarded

from the analysis. The data were filtered by a 15-point moving average smoothing
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filter. All statistical analyses were performed in MATLAB.

4.3 Results

4.3.1 Behavioral Pitch Discrimination Thresholds

Figure 4.2 depicts the mean pitch discrimination thresholds obtained in experi-

ment 1 for six musicians (left panel) and eight non-musicians (right panel). The

thresholds for both groups of listeners showed similar trends, whereby F0DLs for

the HF-filtered complex tones (filled circles in Fig. 4.2) decreased with increasing

F0, whereas they were independent of F0 for the LF-filtered complex tones (open

squares in Fig. 4.2). Thresholds for non-musicians were, on average, larger than

thresholds for musicians by a factor of 1.72. All resolved conditions (LF conditions

and HF conditions for F0s larger than the transition point, F0,tr) were larger by a

factor of 1.76 and all unresolved conditions (HF conditions for F0s smaller than

F0,tr) by a factor of 1.61.

A mixed model with group and F0 as main effects and listeners as random

factor nested in group was fit to the set of data, for both LF and HF results. The

analysis confirmed a significant group effect for both the HF-filtered conditions

(F(1,125) = 5.14; P = 0.043) and the LF-filtered conditions (F(1,69) = 11.43; P =

0.006), while the interaction factor of group and F0 was not significant (F(8,125)

= 0.27; P = 0.973 and F (4,69) = 1.29; P = 0.288), indicating a similar effect of F0

in the two groups of listeners. Additionally, the analysis revealed a significant

effect of F0 for the HF-filtered conditions (F(8,125) = 27.62; P < 0.0001) and no

significant effect of F0 for the LF-filtered conditions (F(4,69) = 1.78; P = 0.16). The

current findings for the HF-filtered conditions are in agreement with previously

reported pitch discrimination thresholds (Bernstein and Oxenham, 2006b), where

the improvement in performance with F0 was thought to reflect the progressive

increase in the resolvability of the harmonics. A sigmoid function was fitted to

the mean HF thresholds, and the transition point (F0,tr, vertical dashed line in

Fig. 4.2) yielding the F0DL halfway (on a log scale) between the maximum and

minimum values of the fitted sigmoid was used here as an estimate of peripheral
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Figure 4.2: Mean pitch discrimination thresholds (F0DLs) as a function of F0, for six musicians (left
panel) and eight non-musicians (right panel). The filled circles depict the thresholds (geometric mean)
for the high-frequency (HF)-filtered complex tones, while the open squares depict the thresholds
(geometric mean) for the low-frequency (LF)-filtered complex tones. A sigmoid function was fitted to
the HF data (upper black curve). Vertical dashed lines represent the F0 transition point yielding the
F0DL halfway between the maximum and the minimum thresholds. The lower black curve depicts the
mean of the LF data. Error bars represent the standard error of the mean.

frequency selectivity (Bernstein and Oxenham, 2006b). F0,tr occurred at similar F0s

for musicians and non-musicians (F0,tr, musicians = 193 Hz; F0,tr, non-musicians = 187 Hz),

suggesting that the two groups of listeners had similar auditory filter bandwidths.

A one-way unbalanced ANOVA performed on the individual transition points

for musicians and non-musicians revealed no significant difference in the mean

between the two groups (mean ± standard deviation 174 ± 45 Hz for musicians

and 192 ± 30 Hz for non-musicians; F(1,13) = 0.74, P = 0.405). Overall, the findings

of experiment 1 suggest that musical training enhances pitch discrimination of

resolved and unresolved complex tones to the same extent. However, musicians

did not show enhanced peripheral frequency selectivity (as estimated from the

F0,tr) as compared to non-musicians.
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4.3.2 Effects of Harmonic Resolvability and Task Difficulty

Figure 4.3 depicts the mean pitch discrimination thresholds obtained in exper-

iment 2 for 10 musicians (left panel) and 10 non-musicians (right panel). Pitch

discrimination thresholds for the LF-filtered complex tones (open symbols con-

nected via linear interpolation) were measured at the 75 % point on the psycho-

metric function, and the obtained mean thresholds (1 % for musicians and 2 %

for non-musicians) were similar to the thresholds obtained in experiment 1. Pitch

discrimination thresholds for the HF-filtered complex tones (filled symbols) were

measured at three different points on the psychometric function (diamonds 60

%; circles 75 %; triangles 90 %). The effect of increasing the tracked performance

level from 60 to 90 % of correct responses increased the thresholds, on average, by

a factor of 4.9 and 6.3 for musicians and non-musicians, respectively. Similar to

the results obtained in experiment 1, thresholds for the non-musicians were, on

average, larger than thresholds for musicians by a factor of 1.64. A mixed model

with group, F0, and task difficulty as main effects and listeners as random factor

nested in group was fit to the set of data and revealed a significant effect of the

main factors (group F(1,219) = 5.5, P = 0.031; F0 F(2,219) = 85.06, P < 0.0001; task

difficulty F(2,219) = 197.43, P < 0.0001). The individual thresholds obtained in

experiment 2 were used in experiment 3 to adjust for the difficulty level across

listeners.

4.3.3 Pupil Dilations During Pitch Discrimination

In experiment 3, pupil dilations were recorded during a pitch discrimination task,

where the difference in F0 between reference and deviant was set at the individual

thresholds obtained in experiment 2. This allowed for matching the difficulty level

across listeners (60 % high task difficulty, 75 % medium task difficulty, 90 % low

task difficulty). Figure 4.4 depicts the mean pupil dilation relative to baseline as a

function of time (time zero refers to the beginning of stimulation with complex

tones). For all conditions, the pupil dilated during stimulation with complex tones

until it reached maximum dilation, on average at 1.78 s after stimulus onset for

musicians and 1.87 s for non-musicians. After the maximum dilation point, pupil
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Figure 4.3: Mean pitch discrimination thresholds (F0DLs) as a function of F0, for 10 musicians (left
panel) and 10 non-musicians (right panel). The filled symbols depict the thresholds (geometric mean)
for the high-frequency (HF)-filtered complex tones (diamonds threshold at the 60 % point on the
psychometric function; circles threshold at the 75 % point; triangles threshold at the 90 % point). The
open squares depict the thresholds (geometric mean) for the low-frequency (LF)-filtered complex tones
(threshold at the 75 % point on the psychometric function). All lines depict the linear interpolants
between two consecutive thresholds. Error bars represent the standard error of the mean.

size decreased with longer decay times for non-musicians than for musicians until

reaching the zero baseline value, on average at 3.2 s for non-musicians and at 2.8 s

for musicians. As the largest effect of task difficulty occurred after the maximum

dilation point, the time-averaged pupil size was calculated from the first occurring

maximum dilation point (at 1.72 s) until 4.5 s after stimulus onset. The normalized

mean values are presented in Figure 4.5, where the black, grey, and white bars depict

the difficult, medium-difficult, and easy task condition, respectively. Results are

presented for 10 musicians (left panels) and 10 non-musicians (right panels), at the

three resolvability levels (top panels F0 = 100 Hz, unresolved complex tones; middle

panels F0 = 200 Hz, mid-resolved tones; bottom panels F0 = 500 Hz, resolved tones).

Musicians had significantly smaller pupil dilations than non-musicians across
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Figure 4.4: Mean pupil dilation [Au] for 10 musicians (left panels) and 10 non-musicians (right panels).
The solid black, gray, and dashed curves represent pupil dilations at three task difficulty levels (60 %
difficult task; 75 % medium difficulty; 90 % easy task). The top, middle, and bottom panels show pupil
dilations for unresolved complex tones (F0 = 100 Hz), mid-resolved tones (F0 = 200 Hz), and resolved
tones (F0 = 500 Hz), respectively.
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conditions (one-tailed unpaired t test P = 0.031), suggesting a lower processing

effort for the same difficulty level. Ad hoc unpaired one-tailed t tests revealed that

pupil dilations for musicians were smaller than dilations for non-musicians when

the tones were resolved (F0 = 500 Hz, bottom panels in Fig. 4.5) and the task was

either medium-difficult (P = 0.018 with Bonferroni correction, asterisks above the

grey bars) or easy (P = 0.057 with Bonferroni correction) and when the tones were

mid-resolved (F0 = 200 Hz, middle panels in Fig. 4.5) and the task was easy (P =

0.003 with Bonferroni correction, asterisks above white bars).

A mixed model with group, F0, and task difficulty as main effects and listeners

as random factor nested in group was fit to the set of data and revealed a significant

effect of task difficulty (F(2,179) = 4.27; P = 0.016) on pupil dilation. Ad hoc paired

one-tailed t test revealed that there was a trend for pupil size to increase from

the easy-task condition (white bar) to the difficult-task condition (black bar) for

resolved complex tones (F0 = 500 Hz, P = 0.058 with Bonferroni correction, bottom

left panel in Fig. 4.5) and for the mid-resolved tones (F0 = 200 Hz, P = 0.024 with

Bonferroni correction, asterisk in the middle left panel in Fig. 4.5). When the

complex tones were unresolved (F0 = 100 Hz), pupil size was largely independent

of the difficulty level. Although the analysis did not reveal a significant general

effect of F0 (F(2,179)= 0.38; P= 0.687), the interaction factor of F0 and task difficulty

was significant (F(4,179) = 2.66; P = 0.035). For the non-musicians, neither task

difficulty nor resolvability had a significant effect on pupil dilation (two-factor

ANOVA; difficulty F(2, 89) = 0.87, P = 0.437; resolvability F(2,89) = 0.12, P = 0.890),

although a similar effect of task difficulty as for musicians occurred for the resolved

stimuli (F0 = 500 Hz). The two LF control conditions (at F0s of 100 and 500 Hz,

listed in Figure 4.1) showed similar pupil dilation as the HF condition that matched

in resolvability and task difficulty (one-way ANOVA with F0 as main effect, F(2,29)=

1.44, Pmusicians = 0.254; F (2,29) = 1.47, Pnon-musicians = 0.247). Figure 4.6 depicts the

correlation between the mean time-averaged pupil dilation and the percentage of

correct responses, for musicians (filled squares) and non-musicians (open circles).

The linear fit (dashed line in Fig. 4.6) to the musicians’ mean data revealed a

significant correlation between performance and pupil size (P = 0.044), whereby a

decrease in performance was reflected in larger pupil dilations (i.e., larger effort). A
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Figure 4.5: Mean normalized time-averaged pupil dilation (from maximum dilation until 4.5 s after
stimulus onset), for 10 musicians (left panels) and 10 non-musicians (right panels). Normalization
was done by subtracting the minimum pupil dilation (across all data) from the individual data and by
dividing by the maximum range. The black, grey, and white bars represent pupil dilations at three task
difficulty levels (60 % difficult task; 75 % medium difficulty; 90 % easy task). The percentages reported
on the upper portion of each panel represent the average of correct responses across listeners in each
condition. The top, middle, and bottom panels show pupil dilations for unresolved complex tones (F0
= 100 Hz), mid-resolved tones (F0 = 200 Hz), and resolved tones (F0 = 500 Hz), respectively. Asterisks
depict the conditions for which one-tailed t tests reported significance (*P <= 0.05; **P <= 0.01, with
Bonferroni correction). Error bars represent the standard error of the mean.
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Figure 4.6: Correlation between the mean time-averaged (from maximum dilation until 4.5 s after
stimulus onset) and baseline-corrected pupil dilation (in arbitrary units, Au) and the percentage of
correct responses, for 10 musicians (filled squares) and 10 non-musicians (open circles) in all the 11
tested conditions. A linear model was fit to the mean data of musicians (dashed line).

decrease in performance below 65 % did not lead to a further increase in pupil size,

which may indicate a decrease in processing effort following a too demanding task

(i.e., cognitive processing overload). No trend between performance and pupil

dilations was observed in non-musicians. Figure 4.7 depicts the mean reaction

times for button press for musicians and non-musicians in all 11 tested conditions.

Listeners pressed the response button, on average, 1 s after stimulus offset. A

mixed model with group, F0, and task difficulty as main effects and listeners as

random factor nested in group was fit to the set of data and revealed no significant

difference in reaction times across the two groups of listeners (F(1, 208) = 0.0024;

P = 0.961), while both F0 and task difficulty had a significant effect on the reaction

times (F0 F(2, 208) = 8.32, P = 0.0003; difficulty F(2, 208) = 73.66, P < 0.0001). This

finding confirmed that the slower decay time of pupil dilations in non-musicians

versus musicians was not an effect of longer reaction times in non-musicians but

rather indicated a larger processing effort in performing the task with increasing

task difficulty and decreasing harmonic resolvability.
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Figure 4.7: Mean reaction time (time in seconds from stimulus offset to button press) for musicians
(filled squares) and non-musicians (open circles), for all 11 tested conditions. Error bars represent the
standard error of the mean.

4.4 Discussion

In a first behavioral experiment, pitch discrimination thresholds for resolved and

unresolved complex tones were measured in musicians and non-musicians. The

findings of experiment 1 (Fig. 4.2) revealed pitch discrimination thresholds similar

to those reported by Bernstein and Oxenham (2006b), whereby the thresholds for

the HF-filtered complex tones decreased with increasing harmonic resolvability.

Moreover, the current findings suggest that musical training improved pitch dis-

crimination of resolved and unresolved complex tones to a similar extent. The

difference in performance between the two groups of listeners was, on average, of

about a factor of 1.72. This value was similar to the enhancement reported by pre-

vious studies in pitch discrimination thresholds of pure tones in musically trained

listeners (Spiegel and Watson, 1984; Kishon-Rabin et al., 2001). Since the exact

extent of the enhancement was shown to depend on the selection criterion of the

musically trained listeners and on the amount of training (Micheyl et al., 2006), the
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current study did not focus on quantifying the difference in performance between

the two groups but rather on comparing the enhancement between resolved and

unresolved complex tones. The rationale behind this was that if musicians had a

higher peripheral frequency selectivity, as suggested by Bidelman et al., 2014; Bidel-

man et al., 2016, pitch discrimination thresholds would show a larger enhancement

in performance for resolved versus unresolved complexes and, additionally, the

transition point (F0,tr) at which components would become resolved would occur

at smaller F0s in musicians. As the current findings showed not only a similar

enhancement for resolved and unresolved complexes but also a similar F0,tr for

the two groups of listeners, the results of experiment 1 suggest similar peripheral

frequency selectivity in musicians versus non-musicians. This finding does not

rule out a possible finer representation of F0 at higher stages of the auditory system

in musicians. In fact, while F0,tr is considered to reflect a peripheral limitation of

the auditory filters to resolve the individual harmonics (Bernstein and Oxenham,

2006b), a finer F0 representation in musicians might still occur at more central

stages of the auditory system (e.g., at stages after F0 extraction) and affect pitch

discrimination thresholds of both resolved and unresolved complexes, without

necessarily affecting the transition point. This interpretation of the results would

additionally be supported in the context of pitch perception involving different

mechanisms for resolved and unresolved harmonics. In fact, if the pitch discrimina-

tion enhancement in musicians occurred at stages of the auditory system preceding

F0 extraction, different enhancements would be expected to occur for resolved

and unresolved harmonics. Thus, the almost identical sizes of the differences

(expressed as ratios) in thresholds between musicians and non-musicians for re-

solved and unresolved harmonics suggests a training-dependent enhancement

in musicians that is independent of the pitch extraction mechanism and likely to

occur centrally in the auditory system (e.g., a finer cortical F0 representation). In

experiment 3, processing effort was investigated via pupil dilation in musicians

and non-musicians. The pupil size was recorded during a pitch discrimination

task for conditions at three levels of resolvability (unresolved, mid-resolved, and

resolved complex tones) and task difficulty (high, medium, and low difficulty).

The results (Fig. 4.5) revealed that pupil dilations in musicians were lower than in
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non-musicians in all conditions. As an increase of pupil size has in previous studies

been shown to reflect an increase in processing effort (e.g., Janisse, 1977; Beatty,

1982), lower dilations in musicians suggest a lower effort in performing the task,

although the difficulty level was matched across the two groups of listeners. Thus,

at similar (i.e., individually adjusted) processing demands imposed by the pitch

discrimination task, it was still less demanding to extract pitch-related features

for musically trained listeners. Interestingly, dilations were significantly lower in

musicians when the complex tones were resolved and the task difficulty was either

low or medium (asterisks above grey and white bars in Fig. 4.5). A mixed model

with three factors (resolvability, difficulty, group) confirmed a significant interac-

tion of both group and difficulty (F (2,219) = 3.26; P = 0.05) and of resolvability and

difficulty (F(2,219)= 2.61; P= 0.043). The fact that dilations were significantly lower

in musicians versus non-musicians for resolved but not for unresolved complexes

may indicate either an increased ability to extract the pitch of resolved stimuli

following musical training or an increased sensitivity along the auditory pathway to

resolved stimuli in musicians (e.g., a finer cortical representation). Moreover, pupil

dilations were significantly correlated with behavioral performance in musicians

(Fig. 4.6), whereby a decrease in performance from 96 to 65 % was reflected in

a progressive increase of pupil dilations. When the performance was lower than

65 %, a drop in pupil dilations was observed in musicians, which may suggest a

cognitive processing overload. Previous studies recording pupil dilations during

performance of cognitive tasks also reported a decrease in pupillary responses

when the task processing demands exceeded the listener’s processing resources

(Granholm et al., 1996; Zekveld and Kramer, 2014). For non-musicians, neither task

difficulty nor resolvability had a significant effect on pupil dilation. Additionally,

pupil dilation for the condition with lowest processing demand (i.e., condition of

low task difficulty and high resolvability) did not differ (paired t test: P= 0.382) from

the dilation for the condition with highest processing demand in non-musicians.

This might indicate a ceiling effect in non-musicians, whereby already the condi-

tion with lowest processing demand approached the available cognitive resources

allocated for pitch discrimination not allowing for a further increase in pupil dila-

tions when either increasing the task difficulty or decreasing the resolvability of



4.4 Discussion 75

0

20

40

60

80

100
%

 c
o
rr

ec
t

 

 

musicians

non−musicians

1 2 3 4 5 6 7
−60

−40

−20

0

20

40

Processing demand (Au)

T
im

e−
av

er
ag

ed
 p

u
p
il

 d
il

at
io

n
 (

A
u
)

 

 

musicians

non−musicians

Figure 4.8: Behavioral performance (% correct deviant identification, top panel) and time-averaged
pupil dilation (bottom panel) as a function of the processing demand of the 11 presented conditions.
Filled black squares and open circles depict all individual conditions for musicians and non-musicians,
respectively. Grey squares and grey circles depict the mean values for conditions of equal processing
demand for musicians and non-musicians, respectively. Processing demand is calculated as the sum of
arbitrary weights assigned for both task difficulty (1 easy task; 2 medium-difficult task; 3 difficult task)
and harmonic resolvability (1 resolved tones; 2 medium resolved tones; 3 unresolved tones).

the stimuli.

As the three-factor ANOVA revealed an interaction between task difficulty and

resolvability on pupil responses, the obtained dilations were additionally related to
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the overall processing demand imposed to the listener by the combination of these

two factors in each listening condition (Johnsrude and Rodd, 2015). Processing

demand was calculated as the sum of arbitrary weights on a scale from 1 to 3 (1 low

processing demand; 2 medium processing demand; 3 high processing demand),

assigned for both task difficulty (1 low task difficulty; 2 medium task difficulty;

3 high task difficulty) and harmonic resolvability (1 resolved tones; 2 medium

resolved tones; 3 unresolved tones). Thus, a condition with resolved complex

tones and an easy task would impose to the listener the lowest processing demand

(i.e., a total weight of 2), while a condition with unresolved complex tones and

a difficult task would impose the highest processing demand (i.e., a total weight

of 6). Figure 4.8 depicts behavioral performance (top panel) and time-averaged

pupil dilation (bottom panel) as a function of the processing demand of the 11

presented conditions, for musicians (black squares individual conditions; grey

squares mean of conditions with equal processing demand) and non-musicians

(open circles individual conditions; grey circles mean of conditions with equal

processing demand). The solid and dashed lines (top panel) depict the linear

interpolant to the mean data for musicians and non-musicians, respectively. A

linear fit to the data indicated a significant negative correlation between behavioral

performance and processing demand imposed by each condition (musicians R 2 =

0.93, P = 0.008; non-musicians R 2 = 0.94, P = 0.006). Additionally, a mixed model

with group, F0, and task difficulty as main effects and listeners as random factor

nested in group was fit to the set of data and revealed no significant difference in

behavioral performance across the two groups of listeners (F(1, 208) = 1.63; P =

0.22), in agreement with the experimental design that was built to match the task

difficulty across listeners. Although musicians and non-musicians performed sim-

ilarly in the presented conditions, the amount of processing effort to compensate

for processing demand differed markedly (bottom panel in Fig. 4.8). While for the

musicians pupil dilation increased with increasing processing demand until reach-

ing a plateau (solid line in bottom panel of Fig. 4.8), consistent with Johnsrude and

Rodd, 2015, pupillary responses approached a plateau value already for conditions

imposing the lowest processing demand (dashed line) for the non-musicians. This

finding is in agreement with previous studies investigating pupillary responses
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during different types of cognitive tasks, where it was found that pupil dilation

increases with increasing task processing demands until reaching resource lim-

its (Pook, 1973; Granholm et al., 1996; Johnsrude and Rodd, 2015). This plateau

value is maintained as long as the listener is able to allocate maximal processing

resources, after which pupil dilation decreases as a result of a resource overload

condition (Pook, 1973; Granholm et al., 1996).

4.5 Conclusion

Overall, the findings of the current study revealed a similar enhancement in pitch

discrimination of resolved and unresolved complex tones in the musically trained

listeners compared to the non-musicians. This enhancement is unlikely to be

related to higher peripheral frequency selectivity in the musicians, since the im-

proved performance was not specific to only resolved complex tones and, addition-

ally, the transition point for resolvability occurred at similar F0s in the musicians

and non-musicians. An overall shift of the pitch discrimination thresholds might

thus be related to a higher general ability to extract pitchrelated features following

musical training and/or to a finer F0 representation at more central stages of the

auditory system. Pupillometry responses indicated a lower processing effort in the

musicians versus the non-musicians, although the processing demand imposed by

the pitch discrimination task was individually adjusted according to the behavioral

thresholds. Thus, although the task difficulty was adjusted to compensate for the

higher pitch discrimination thresholds in the non-musicians, the non-musically

trained listeners still allocated higher cognitive resources than did the musicians

to perform the task at the same performance level (% correct). This finding might

suggest an enhanced pitch representation along the auditory system in musicians

and possibly a finer F0 representation at central stages of the auditory system.

Future work may clarify this hypothesis by investigating pitch representations in

the auditory cortex in musicians versus non-musicians via functional magnetic

resonance imaging.
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5
Cortical correlates of complex-tone

pitch discrimination in musicians and

non-musicians a

Abstract
Musicians have been shown to have an enhanced pitch-discrimination

ability compared to non-musicians for complex tones with either re-

solved or unresolved harmonics. It is unclear whether this perceptual

enhancement can be ascribed to an enhanced neural representation

of pitch at central stages of the auditory system. The aim of this study

was to clarify whether (i) cortical responses increase with harmonic

resolvability, as suggested in previous studies, and whether musicians

show (ii) differential neural activation in response to complex tones as

compared to non-musicians and/or (iii) finer fundamental frequency

(F0) representation in the auditory cortex. Assuming that the right

auditory cortex is specialized in processing fine spectral changes, we

hypothesized that an enhanced F0 representation in musicians would

be associated with a stronger right-lateralized response to complex

tones compared to non-musicians. Fundamental frequency (F0) dis-

crimination thresholds (F0DLs) were first estimated behaviorally in

musicians and non-musicians for harmonic complex tones with F0s of

100 and 500 Hz, filtered in either a low or a high frequency region to

a This chapter is based on Bianchi, F., Hjortkjær, J., Santurette, S., Siebner, H., Zatorre, R., Dau, T., (in

preparation for J. Neurosci.).
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vary the resolvability of audible harmonics. In a second experiment, a

sparse-sampling event-related functional magnetic resonance imag-

ing (fMRI) paradigm was used to measure neural activation while the

listeners performed the same pitch-discrimination task for conditions

of varying resolvability. The task difficulty was individually adjusted

according to the previously obtained F0 discrimination thresholds.

The behavioral results showed that the pitch-discrimination thresh-

olds of musicians were lower than the thresholds of non-musicians

for all conditions, with a stronger benefit for the resolved conditions.

A group analysis on the fMRI results revealed no differential neural

activation for resolved vs. unresolved conditions, suggesting that corti-

cal responses did not increase with increasing stimulus resolvability

when adjusting for the task difficulty across conditions and partici-

pants. Additionally, the group analysis revealed larger neural activation

in the musicians relative to the non-musicians in the right Heschl’s

gyrus, right insula, right middle and superior frontal gyri and inferior

colliculus. Finally, neural responses in the right auditory cortex were

predictive of the individual pitch-discrimination thresholds only in

the musically trained listeners, consistent with a higher specialization

of the right auditory cortex in processing fine spectral changes relative

to the left auditory cortex and with a training-dependent plasticity in

musicians. Overall, these findings suggest an increasing activation

of the right-lateralized pitch-sensitive cortical areas with increasing

musical abilities.

5.1 Introduction

Natural sounds, like speech and music, typically contain complex harmonic struc-

tures that elicit a pitch corresponding to the fundamental frequency (F0) of the

sound stimulus (e.g., Licklider, 1951; Schouten et al., 1962; De Cheveigné, 2005).

Musicians are more trained than non-musicians to listen for and retrieve the pitch
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of such complex stimuli. Possibly as a result of training, musicians have been shown

to be more sensitive than non-musicians to discriminate fine spectral changes

between complex tones. In fact, trained musicians have been found to have two

to six times lower F0-discrimination thresholds than non-musicians (Spiegel and

Watson, 1984; Micheyl et al., 2006; Allen and Oxenham, 2014; Bianchi et al., 2016b).

This benefit was shown to depend on the overall duration of musical training, on

the age when musical education started, as well as on the family of played instru-

ments, with a smaller benefit for the musicians playing keyboard instruments as

compared to strings and winds (Spiegel and Watson, 1984; Micheyl et al., 2006).

Additionally, the musicians’ benefit for complex-tone pitch discrimination was

shown to partially extend to pure tones (Spiegel and Watson, 1984; Kishon-Rabin

et al., 2001), although the benefit for pure-tone pitch discrimination was smaller

than for complex tones (Micheyl et al., 2006).

In a previous study, the musicians’ advantage for complex-tone pitch discrimi-

nation was investigated as a function of harmonic resolvability to clarify whether

resolved and unresolved harmonics contributed similarly to this benefit (Bianchi

et al., 2016b). It was found that the musicians’ benefit in pitch discrimination was

similar for complex tones containing either resolved or unresolved harmonics.

This finding suggested an enhanced F0 representation along the auditory system in

musicians independent of harmonic resolvability, and possibly occurring at stages

after F0 extraction. The motivation for the present study was to clarify whether this

perceptual enhancement of musicians for complex-tone pitch discrimination con-

taining either resolved or unresolved harmonics can be reflected by an enhanced

neural representation of pitch at central stages of the auditory system.

Cortical responses to resolved and unresolved complex tones have been investi-

gated in previous neuroimaging studies (Penagos et al., 2004; Hall and Plack, 2009;

Garcia et al., 2010; Barker et al., 2011; Norman-Haignere et al., 2013). Although

there is no general consensus on the exact anatomical location of a pitch center,

it has been suggested that cortical pitch-sensitive regions are located in anterior

regions of the auditory cortex and respond more strongly to complex tones with

resolved harmonics as compared to complex tones containing only unresolved

harmonics (Penagos et al., 2004; Norman-Haignere et al., 2013). This finding is
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consistent with neurophysiological studies reporting that pitch-sensitive neurons

in the anterolateral border of primary auditory cortex respond in proportion to

pitch salience (Bendor and Wang, 2005; Fishman et al., 2013). The effect of musical

training on the neural representation of pitch has also been widely investigated

(e.g., Pantev et al., 1998; Schneider et al., 2002; Musacchia et al., 2007; Pantev and

Herholz, 2011; Herholz et al., 2012), whereby functional and anatomical changes

were reported to occur along the auditory pathway of musically trained listeners.

However, it is still unknown how musical training affects the cortical and subcorti-

cal pitch representations of complex tones containing either resolved or unresolved

harmonics.

The aim of this study was to clarify whether (i) cortical responses increase with

harmonic resolvability similarly in musicians and non-musicians, and whether

(ii) musicians show an increased cortical neural activation in response to complex

tones and/or a finer F0 representation along the auditory pathway. As previous

studies have suggested that the right auditory cortex is more specialized than

the left auditory cortex in processing fine spectral changes (e.g., Zatorre, 1988;

Johnsrude et al., 2000; Zatorre and Belin, 2001; Zatorre et al., 2002; Hyde et al., 2008),

it was hypothesized here that an enhanced cortical F0 representation in musicians

would be associated with a stronger right-lateralized response to complex tones

compared to non-musicians.

Two experiments were carried out. In a first behavioral experiment, pitch-

discrimination thresholds were measured for complex tones containing either

resolved or unresolved harmonics to estimate the musicians’ benefit in pitch-dis-

crimination performance relative to the non-musicians. In a second experiment,

functional magnetic resonance imaging (fMRI) was performed on the same lis-

teners during a similar pitch-discrimination task, where the task difficulty was

adjusted according to the individual thresholds from the first experiment and, thus,

matched across participants. This allowed for disentangling the functional changes

in the F0 representation between musicians and non-musicians from changes in

the difficulty to perform the task between the two groups of listeners.
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5.2 Method

5.2.1 Listeners

Thirty-one listeners, aged from 22 to 30 years old, participated in this study. Sixteen

participants (ten females) were musically trained listeners that had at least eight

years of formal musical education. Fifteen participants (seven females) had no

formal musical education and had never played a musical instrument. The two

groups of listeners were matched in age (mean and median of musicians: 26 years

old; mean and median of non-musicians: 25 years old). All participants were right

handed according to the Edinburgh Handedness Inventory, except one musician

who reported to be ambidextrous and was therefore excluded from Experiment

II. All listeners had hearing thresholds of less than 20 dB hearing level (HL) at

all audiometric frequencies between 125 Hz and 8 kHz. All experiments were

approved by the Science-Ethics Committee for the Capital Region of Denmark and

were conducted in accordance with the Declaration of Helsinki.

5.2.2 Experiment I: Behavioral pitch-discrimination of complex

tones

The ability to discriminate the pitch of resolved and unresolved complex tones was

assessed via difference limens for fundamental frequency (F0DLs) as a function

of F0. The procedure and the stimuli used here were similar to the ones used in

Bianchi et al. (2016).

Procedure

A three-alternative forced choice (3-AFC) paradigm was used in combination with

a weighted up-down method (Kaernbach, 1991) to track different points on the

psychometric function (60%, 75% and 90%). For each trial, two intervals contained

a reference complex tone with a fixed fundamental frequency (F0,ref: 100 or 500

Hz) and one interval contained a deviant complex tone with a larger F0 (F0,ct). The

initial difference in F0 between reference and deviant, ∆F0 (F0,dev - F0,ref) / F0,ref,
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was set to 20% and was then logarithmically decreased by a varying step size every

second reversal. For each run, F0,ref was roved from trial to trial from a±5% uniform

distribution around the nominal value. A random level perturbation of ±2.5 dB

was applied to each interval, to prevent the listener from using loudness as a cue.

The listener’s task was to select the interval containing the deviant tone with a

higher pitch than the two references. The threshold for each run was obtained as

the geometric mean of the last six reversals. Before the actual test, the listeners

performed three repetitions as training. The final value of F0DL was calculated

from the mean of three repetitions.

Stimuli

All signals were generated digitally in MATLAB at a sampling rate of 48 kHz and

consisted of 300-ms complex tones with harmonic components added in sine

phase and embedded in broadband threshold equalizing noise (TEN, Moore et al.,

2000). The sound pressure level (SPL) of the TEN was set to 45 dB per equivalent

rectangular bandwidth (ERB, Glasberg and Moore, 1990) to mask the combination

tones. The level of each harmonic component was fixed at 50 dB SPL. Figure 5.1(a)

depicts the conditions used in this study. Conditions of varying resolvability were

achieved by bandpass filtering the complexes in a high-frequency region (HF, 1500-

3500 Hz, bottom panels of Fig. 5.1(a)), with 50 dB/octave slopes, and by using an F0

of either 100 Hz (unresolved condition) or 500 Hz (resolved condition). Two control

conditions with complexes filtered in a low-frequency region (LF, 300-1500 Hz, top

panels of Fig. 5.1(a)) and F0s of either 100 or 500 Hz (resolved conditions) were

used to control for changes in fundamental frequency (Penagos et al., 2004). For

the HF-filtered complexes, two different points on the psychometric function were

estimated at 60% and 90% correct performance. The 60% point corresponded to a

difficult pitch-discrimination task, and the 90% point corresponded to an easy task.

For the LF-filtered complexes, only the 75% point on the psychometric function

was estimated, resulting in a task of medium difficulty. Thus, six conditions were

tested in total (summarized in Fig. 5.1(b)): 100-Hz HF (60% and 90%; unresolved

conditions), 500-Hz HF (60% and 90%; resolved conditions), 100-Hz LF (75%;
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resolved condition) and 500-Hz LF (75%; resolved condition). The stimuli were

presented diotically through equalized headphones (Sennheiser HD 650).

5.2.3 Experiment II: Cortical responses during a pitch-discrimi-

nation task

Imaging protocol

Functional imaging was performed on a 3 tesla scanner (Philips Achieva with

32-channel head coil) using a T2*-weighted echo-planar imaging sequence (TR

= 10 sec, TE = 30 msec; flip angle, 90°). Thirty-eight slices (slice thickness of 3

mm; isotropic voxel size of 3x3x3 mm3) oriented parallel to the lateral sulcus and

covering the entire brain were imaged. The acquisition time of one volume was

of 2.5 s (see Fig. 5.2). A sparse imaging sequence (Hall et al., 1999) was used,

where the sound stimuli were presented in the silent period between two volume

acquisitions. T1-weighted anatomical images (1×1×1 mm3) were also acquired for

each participant.

Procedure

For each trial, two stimuli were reference complex tones with a fixed fundamental

frequency (100 or 500 Hz) and one stimulus was a deviant complex tone with a

larger F0 (denoted by the asterisk in Fig. 5.2). The deviant position was random-

ized across trials and runs. The first tone was presented 2 to 3 seconds after the

acquisition of the previous volume. This time jitter in the onset of the signal was

introduced to account for the inter-subject variability of the blood-oxygen-level

dependent (BOLD) hemodynamic response (Aguirre et al., 1998). Participants had

to identify the deviant tone by pressing either the first, second or third button on a

mouse, according to the deviant’s position (i.e., first, second or third tone). The par-

ticipants were instructed to press the response button during the following volume

acquisition (see Fig. 5.2). This allowed for disentangling the BOLD signal relative

to the pitch-discrimination task and to the button press. In a control experiment

run in a soundproof booth, it was checked that pressing the response button 2 to 3
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Figure 5.1: a) Stimuli used in Experiment I and II: complex tones with an F0 of either 100 Hz or 500 Hz,
filtered in either a low-frequency region (LF: 0.3-1.5 kHz) or high-frequency region (HF: 1.5-3.5 kHz)
and embedded in TEN. b) Summary of the six pitch conditions tested in Experiment I and II. Complex
tones filtered in a LF region are depicted in blue and complex tones filtered in a HF region are depicted
in red. Task difficulty was varied by adjusting∆F0 according to the individual pitch-discrimination
thresholds at the 60% (high difficulty), 75% (medium difficulty) and 90% (low difficulty) points on the
psychometric function.
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TR = 10 s

TA = 2.5 s 2-3 s stimuli = 1.7 s 2.8-3.8 s

Trial i Trial i+1
Time (s)

button press (trial i)

*

Figure 5.2: Schematic of the stimulus presentation for Experiment II. The red blocks depict the acquisi-
tion of one volume (aquisition time, TA of 2.5 s). The three complex tones (blue bars) were embedded
in noise and were presented 2 to 3 seconds after the acquisition of the previous volume. The deviant
position (asterisk) was randomized across trials. The participants were instructed to press the response
button during the following volume acquisition.

seconds after the stimulus presentation and in the presence of scanner noise did

not affect the participants’ performance. The difficulty of the pitch-discrimination

task was defined by the difference in F0 between reference and deviant (i.e.,∆F0),

which was adjusted for each participant according to the individual thresholds

measured in Experiment I (60%: high difficulty; 75%: medium difficulty; 90%:

low difficulty). The seven stimulus conditions (six pitch conditions and one noise

condition) were randomly presented six times in each run, for a total of 42 trials

per run (about 7 min). In total, six runs were carried out in the same scanning

session (about one hour).

Stimuli

The same conditions as in Experiment I were used for the fMRI paradigm. The

six pitch conditions (four HF-filtered complex tones and two LF-filtered complex

tones, see Fig. 5.1(b)) with a level of 50 dB SPL per harmonic and embedded in

TEN at 45 dB SPL/ERB were randomly presented to the participants during the

inter-scan interval. Additionally, a noise condition with broadband TEN (45 dB

SPL/ERB) was used as a baseline condition. All conditions were 1.7 s long. The

sound stimuli were presented diotically through equalized MRI-compatible insert

earphones (Sensimetrics S14).
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Data Analysis

Data analyses were performed with the statistical parametric mapping software

(SPM8, Wellcome Trust Centre for Neuroimaging, London, UK). Data processing

consisted of realignment, coregistration, spatial normalization to MNI standard

space as implemented in SPM8, and smoothing with an 8 mm full-width at half-

maximum isotropic Gaussian kernel. Data analysis was performed using a general

linear model (GLM) approach. At the individual level (first level analysis), sepa-

rate regressors were defined for each experimental condition (seven regressors)

to model the onset of the sound stimulus. Six regressors with the realignment

parameters were also used. Low frequency drifts in the BOLD signal were removed

by a high-pass filter with a cut-off period of 128 s.

For the group analysis (second level analysis), a full-factorial ANOVA was fit to

the set of data. The design matrix included three main factors: task difficulty (three

levels: 60%, 75%, 90%), F0 (two levels: 100 and 500 Hz) and group (musicians and

non-musicians). Two covariates were included in the design matrix: the ∆F0 at

which each condition was tested (i.e., the difference in F0 between reference and

deviant measured in Experiment I) and the percent of correct deviant identification.

The mean T1-weighted image was calculated across 25 listeners, since the T1-

weighted images of the remaining 5 listeners was affected by eye-movements

artifacts. Voxelwise FWE corrected p-values reported in this study were obtained

from whole brain analysis.

A region of interest (ROI) analysis was carried out to identify the pitch-sensitive

voxels within the right and left auditory cortices (Norman-Haignere et al., 2013). An

anatomical mask, comprising primary and non-primary auditory cortices (Te1.0,

Te1.1, Te1.2 and Te3, see Fig. 5.3(a)), was built using the Anatomy toolbox from

SPM8. The 10% most activated voxels for all pitch conditions relative to the noise

were selected within this anatomical mask for each participant. In an independent

analysis, the mean response of these pitch-sensitive voxels was estimated for each

pitch condition relative to the noise (four resolved conditions and two unresolved

conditions).

In order to relate the functional activation in frontal regions with the listeners’
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(a) (b)

Figure 5.3: a) Anatomical mask comprising primary (Te1.0, Te1.1, Te1.2) and non-primary (Te3) auditory
cortex. Posteromedial Heschl’s gyrus is shown by the red (Te1.0) and blue (Te1.1) regions (the "core"
areas, Hall and Barker, 2012), antero-lateral Heschl’s gyrus is depicted by the green region (Te1.2).
Non-primary auditory cortex is shown in pink (Te3, planum temporale). b) Functional frontal mask,
comprising the insula and inferior frontal operculum, obtained from the contrast 60%>90% (p<0.001
uncorrected).

performance (i.e., % correct deviant identification), a functional mask was used

(Fig. 5.3(b)). This mask, comprising the insula and inferior frontal operculum,

included all thresholded voxels (p<0.001 uncorrected) obtained from the contrast

60%>90% (from the full-factorial ANOVA without the covariates). This frontal mask

was applied to the individual activation maps obtained for each pitch condition

relative to the noise. The 10% most activated voxels within the inclusive mask were

selected for each participant and used to clarify the existence of a correlation with

performance.

5.3 Results

5.3.1 Experiment I: Pitch-discrimination of complex tones

Figure 5.4(a) depicts the mean pitch-discrimination thresholds for the four condi-

tions with resolved harmonics (left panel) and the two conditions with unresolved
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Figure 5.4: a) Mean pitch-discrimination thresholds for the 16 musicians (filled symbols) and 15 non-
musicians (open symbols), for the four resolved conditions tested at the 90%, 75% and 60% points
on the psychometric functions (left panel) and the two unresolved conditions tested at the 90% and
60% points on the psychometric function (right panel). Error bars depict the standard error of the
mean. b) Individual pitch-discrimination thresholds averaged across the six tested conditions for the 16
musicians, divided into different categories according to the family of their main instrument. The three
open symbols depict the musicians who stopped playing regularly. The numbers next to the symbols
indicate the overall years of musical training. c) Individual pitch-discrimination thresholds averaged
across the four resolved conditions (left panel) and the two unresolved conditions (right panel) for the
16 musicians, as a function of the overall years of musical training. Same symbols as Fig. 5.4(c).
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harmonics (right panels) for the musicians (filled symbols) and non-musicians

(open symbols). Compared to non-musicians, the musically trained listeners had

significantly lower thresholds in all conditions, indicating a more accurate pitch-

discrimination performance for both resolved and unresolved complex tones. The

performance for all listeners increased in the presence of resolved harmonics,

consistent with a more salient pitch percept evoked by the resolved than the unre-

solved harmonics (e.g., Houtsma and Smurzynski, 1990; Shackleton and Carlyon,

1994; Bernstein and Oxenham, 2006b). Additionally, as expected from estimating a

lower point on the psychometric function, the thresholds of both musicians and

non-musicians decreased from the 90% to the 60% condition. A mixed-model

ANOVA with three fixed factors (group, resolvability and difficulty) and listeners

as a random factor nested in group was performed on the results. A significant

effect of the three main factors was found: group [F(1, 185) = 21.76; p = 0.0001],

resolvability [F(1, 185) = 364.75; p < 0.0001] and task difficulty [F(2, 185) = 268.35;

p < 0.0001], as well as a significant interaction between group and resolvability

[F(1, 185) = 17.16; p = 0.0001] and group and difficulty [F(2, 185) = 3.86; p = 0.0233].

In fact, the musicians’ performance for the resolved conditions was enhanced, on

average, by a factor of 2.8 relative to the non-musicians’ performance and only by

a factor of 1.8 for the unresolved conditions. The effect of musical training was

also greater for the easy-task conditions (90% point of the psychometric function)

as compared to the difficult-task conditions (60%).

Figure 5.4(b) depicts the individual pitch-discrimination thresholds, averaged

across all six conditions (resolved and unresolved conditions), for each musically

trained participant. The musicians were assigned to a family of musical instru-

ments according to the family of their main instrument. The worst performance

was obtained by the musicians who played a keyboard instrument (Micheyl et al.,

2006) or woodwinds, although both listeners playing woodwinds were also the

ones who stopped playing regularly (open symbols). Musicians playing string

instruments, classical percussions or singing reached the most accurate perfor-

mance. Figure 5.4(c) depicts the individual pitch-discrimination thresholds for

the 16 musicians, averaged across the four resolved conditions (left panel) and

the two unresolved conditions (right panel), as a function of the overall years of
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musical training. The duration of training seemed to only partly expain some of

the variance in the pitch-discrimination performance for the resolved conditions

(R2 = 0.18; p = 0.103).

5.3.2 Experiment II: Cortical responses during a pitch-discrimi-

nation task

A full-factorial ANOVA, with the F0DLs and the behavioral performance entered as

regressors, revealed a significant effect of musical training on the cortical neural

responses to pitch stimuli. All significant clusters of activation with at least 15

suprathreshold voxels are listed in Table 5.1 for the contrasts musicians>non-musi-

cians and non-musicians>musicians. Figure 5.5 depicts the differential activation

map of musicians relative to non-musicians in response to all pitch conditions

vs. noise, superimposed to the mean T1-weighted image (p<0.05 FWE). Areas of

increased activation in musicians comprised the inferior colliculus (blue circles

in Fig. 5.5), the right primary auditory cortex (Heschl’s gyrus; red circles in Fig.

5.5), the right middle (36, 44, 7; t = 7.97) and right superior (24, 56, 10; t = 5.43)

frontal gyri, the right insula (42, -1, 16; t= 5.83) and frontal operculum (54, 8, 19; t=

6.04). Thus, although the task difficulty was adjusted across participants, the BOLD

response for the musically trained listeners was significantly larger than for the

non-musicians, with a stronger right-lateralized activation in the primary auditory

cortex and frontal regions. Additionally, the analysis revealed a significantly larger

BOLD signal in the non-musicians relative to the musicians in the right hippocam-

pus (33, -43, 7; t = 6.91). A stronger activation of the right hippocampus in the

non-musicians might be related to an increased allocation of short-term memory

for pitch retrieval (Fortin et al., 2002; Lehn et al., 2009).

Furthermore, the ANOVA revealed a significant effect of task difficulty (Fig. 5.6a,

p<0.001, uncorrected; Table 5.1, p<0.05, FWE), with the difficult conditions tested

at 60% showing a larger activation relative to the easy conditions tested at 90%. This

effect was significant in the right middle (30, 41,10; t = 4.76) and right inferior (pars

triangularis: 39, 20, 13; t = 4.07) frontal gyri, left putamen (-24, 8, 16; t = 4.82) and

left caudate nucleus (-21, 14, 16; t= 4.57). Thus, the larger the difficulty imposed by
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Figure 5.5: Differential activation map to the contrast musicians>non-musicians, superimposed to the
mean T1-weighted image (p<0.05, FWE). From top to bottom: coronal, axial and sagittal slices. The
right auditory cortex is highlight by a red circle and the inferior colliculus by a blue circle. The color
scale refers to the t-values.
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Figure 5.6: a) Differential activation map to the contrast 60%>90%, superimposed to the mean T1-
weighted image (p<0.001, uncorr.). From top to bottom: coronal, axial and sagittal slices. The color
scale refers to the t-values. b) Correlation between the mean activation in the frontal mask defined in
Fig.5.3(b) and the behavioral performance (% correct deviant identification) for the six tested conditions.
Mean across the 15 musicians (closed circles) and the 15 non-musicians (open diamonds).

the pitch-discrimination task, the larger was the activation of these frontal regions

for both musicians and non-musicians, suggesting an increase in working memory

and effort with increasing task difficulty (Zatorre et al., 1994; Albouy et al., 2013).

Additionally, the mean activation within the frontal mask defined in Fig.5.3(b) was

calculated for each pitch condition (relative to noise) and each participant. The

increase in the mean activation across participants was significantly correlated

with a decrease in the behavioral performance for both groups of listeners (Fig.

5.6b).

Finally, the ANOVA did not reveal any larger neural activation for the resolved
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Table 5.1: Full-factorial ANOVA (p<0.05 FWE): effects of musicianship (only clusters with more than 15
suprathreshold voxels are reported) and task difficulty (difficult task> easy task).

Region Voxels Coordinates t-value
per cluster x y z

musicians>non-musicians

Inferior colliculus 141 9 -25 -11 6.18
R Mid/Sup Frontal Gyrus 113 36 44 7 7.97
R Insula/Frontal Operculum 88 54 8 19 6.04
R Mid Orbital Gyrus 85 12 56 -2 5.97
R Heschl’s Gyrus (Te1.0, Te1.1); Te3 78 63 -10 1 6.05
R Rolandic Operculum 64 54 -22 25 6.79
L Caudate/Putamen 58 -24 5 16 6.87
L Parietal Operculum 41 -60 -25 28 6.78
R Caudate 34 12 5 16 5.82
Left Fusiform Gyrus 26 -27 -82 -5 5.73
R Cerebellum 20 18 -52 -35 5.78
L Heschl’s Gyrus (Te1.2); Te3 19 -51 -13 7 5.08
L Thalamus 17 -3 -10 22 5.79

non-musicians>musicians

R Hippocampus 47 33 -43 7 6.91

60%>90%

R Mid Frontal Gyrus 4 30 41 10 4.76
L Putamen 1 -24 8 16 4.82
L Caudate 1 -21 14 16 4.57

conditions relative to the unresolved conditions, in contrast to previous studies

(Penagos et al., 2004; Norman-Haignere et al., 2013). To investigate this aspect

further, a region of interest (ROI) analysis was carried out to identify the pitch-

sensitive voxels within the right and left primary and secondary auditory cortices

(Norman-Haignere et al., 2013). The 10% most activated voxels for all pitch condi-

tions relative to the noise were selected in the primary and non-primary auditory

cortices (i.e., in Te1.0, Te1.1, Te1.2 and Te3, see Fig. 5.3(a)) for each participant.
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In an independent analysis, the response of these pitch-sensitive voxels was esti-

mated for all six tested conditions (four resolved conditions and two unresolved

conditions). No increase in neural activation was found with increasing harmonic

resolvability. The lack of a resolvability effect is discussed further in the discussion

section.

The mean activation of the pitch-sensitive voxels across conditions was calcu-

lated for each participant. The increase in activation of the pitch-sensitive voxels in

the right auditory cortex was significantly correlated with a finer F0-discrimination

ability in the musicians (Fig. 5.7, top left panel). Thus, the finer the pitch-discrimi-

nation performance obtained in Experiment I for the musically trained listeners,

the stronger the neural activation of the right auditory cortex obtained from Exper-

iment II. No correlation was found neither for the musicians in the left auditory

cortex (Fig. 5.7, top right panel), nor for the non-musicians’ in either right or left

auditory cortices (Fig. 5.7, bottom panels).

5.4 Discussion

5.4.1 The musicians’ benefit in pitch discrimination for resolved

and unresolved harmonics

The results from Experiment I revealed that the musicians’ enhancement in pitch-

discrimination performance relative to the non-musicians was larger for the re-

solved conditions, on average by about a factor of three, than for the unresolved

conditions (factor of about two). A possible explanation for this finding is that

natural musical sounds are harmonic complex tones that contain both resolved

and unresolved harmonics. Thus, musicians are neither exposed nor trained to

retrieve the pitch of complex tones containing only unresolved harmonics. Despite

not being specifically trained on these stimuli, the musicians still showed better

pitch-discrimination performance than the non-musicians for the unresolved con-

ditions. This finding is in agreement with previous studies showing that learning is

only partly resolvability-specific (Grimault et al., 2002; Carcagno and Plack, 2011).

In fact, listeners trained with a resolved complex tone showed larger improvements
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Figure 5.7: Individual contrast estimates (pitch>noise) in the right (left panels) and left (right panels)
auditory cortices as a function of the individual pitch-discrimination thresholds from Experiment
I, averaged across all six conditions. Values on the ordinate depict the mean of the 10% voxels with
the highest activation within the mask of Fig. 5.3(a). Top panels: 15 musicians (filled symbols; same
symbols as in Fig. 5.4(b)); bottom panels: 15 non-musicians (open symbols).

in pitch-discrimination performance for another resolved complex tone than for an

unresolved condition (Grimault et al., 2002). Thus, although learning generalized

to the untrained condition, the transfer of learning to a stimulus with a different

resolvability was not complete. Similarly, Micheyl et al. (2006) showed that the

musicians’ advantage in pitch discrimination over non-musicians was larger for

complex tones (with resolved harmonics) than for pure tones, consistent with

an incomplete generalization of learning with unfamiliar and unnatural sounds

(Demany and Semal, 2002).
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In Bianchi et al. (2016b), the increase in pitch-discrimination performance with

musical training was similar (a factor of about two) for complex tones with either

resolved or unresolved harmonics. In the present study, the musicians’ benefit was

larger for the resolved complex tones, i.e., a factor of three relative to the non-musi-

cians. There are two possible explanations for this discrepancy in the results. First,

it could be due to the stricter musicians’ inclusion criterion used in the present

study (at least 8 years of formal musical education), although there was only a mild

tendency of decreasing F0DLs with increasing years of overall musical training for

the resolved conditions (see Fig. 5.4(c), left panel). The second explanation could

be the diverse distribution of the musicians across the families of played instru-

ments (see Fig. 5.4(b)). In fact, in the present study, most musicians were typically

required to tune their own instrument before playing (e.g., string instruments), or

to match the pitch of their voice to the accompanying instrument or to the other

singers. Differently, only two musicians tested in Bianchi et al. (2016b) were string

players. Musicians who need to tune their instruments have, indeed, been found to

be more sensitive to fine pitch changes relative to musicians who do not tune their

instrument themselves (e.g., Spiegel and Watson, 1984; Micheyl et al., 2006). In

the current study, string players, singers and classical percussionists were the most

sensitive to pitch-discrimination changes, especially for resolved harmonics (see

Fig. 5.8), while piano players were the least sensitive. No conclusion on the two

woodwinds players can be drawn since they both stopped playing regularly, which

might have influenced their pitch-discrimination abilities. It should also be noted

that the percussionists might have obtained lower thresholds due to the genre of

played music (classical) rather than the played instrument per se (Micheyl et al.,

2006). Interestingly, the musicians who performed the best in pitch discrimination

of unresolved complex tones (Fig. 5.8) were studying to be professional singers. An

explanation for their enhanced pitch-discrimination performance with unresolved

complex tones relative to the other musicians might be that the singers are more

exposed to unresolved harmonics, since the vocal tract resonance frequencies

produce a considerable enhancement of harmonics in a frequency region between

2 and 4 kHz (Sundberg, 1977; Wolfe et al., 2009). Thus, at relatively low F0s (e.g., alto

or tenor voice: F0 = 220 Hz), high-numbered unresolved harmonics are enhanced
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Figure 5.8: Mean pitch-discrimination thresholds for the four resolved conditions (left panels) and
the two unresolved conditions (right panels) for the 16 musicians, divided by the family of their main
instrument (S: string; P: percussions; V: voice; K: keyboard; W: woodwinds) and the 15 non-musicians.

(e.g., harmonics from the 9th to the 18th for the alto or tenor voice). Overall, the

findings from Experiment I suggested that the musicians’ benefit in pitch-discrim-

ination performance was highly dependent on the family of played instruments

and differed for stimuli containing only resolved or unresolved harmonics.

5.4.2 The musicians’ benefit and implications for a post-periph-

eral advantage

While some studies have suggested that experience-dependent changes in mu-

sicians emerge already at the level of the cochlea in terms of sharper peripheral

tuning (Soderquist, 1970; Bidelman et al., 2014; Bidelman et al., 2016), other studies

did not find evidence of narrower peripheral auditory filters in musicians (Fine and

Moore, 1993; Oxenham et al., 2003; Bianchi et al., 2016b). If the musicians’ benefit

observed in this study was ascribed to sharper peripheral frequency selectivity, an

advantage in pitch-discrimination would be expected only for resolved complex

tones, while no advantage would be expected to occur for the unresolved complex
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tones. In fact, narrower peripheral auditory filters were found to enhance the pitch-

discrimination performance of resolved complex tones and to shift the F0 transition

point, around which the harmonics become resolved, towards smaller F0s (e.g.,

Bernstein and Oxenham, 2006a; Bernstein and Oxenham, 2006b). Moreover, no

systematic increase in performance was observed for listeners with narrower pe-

ripheral auditory filters for pitch discrimination of unresolved complex tones with

harmonics added in sine phase (e.g., Bernstein and Oxenham, 2006a; Bernstein

and Oxenham, 2006b; Bianchi et al., 2016a). A decrease in auditory filter bandwidth

would in fact reduce, and not enhance, the temporal envelope cues available at the

output of the filter, due to fewer harmonics interacting within the same filter. Thus,

the musicians’ benefit obtained in the present study for pitch discrimination of pe-

ripherally unresolved harmonics cannot be accounted for by narrower peripheral

auditory filters. However, an enhanced temporal coding (e.g., enhanced neural

synchrony; Parbery-Clark et al., 2009) at the level of the auditory nerve might still

occur and enhance the envelope representation for unresolved stimuli, as well

as fine structure cues. The behavioral findings of the current study suggest that

an enhanced F0 representation occurs along the auditory system in musicians at

stages beyond the cochlea and applies to both resolved and unresolved complex

tones, with a lower benefit for the unresolved harmonics, possibly as a result of the

lack of familiarity with these stimuli.

5.4.3 Neural correlates of resolvability

Two previous studies have reported an effect of harmonic resolvability in anterior

regions of the auditory cortex, where complex tones with resolved harmonics

elicited stronger responses compared to complex tones containing only unresolved

harmonics (Penagos et al., 2004; Norman-Haignere et al., 2013). This effect of

resolvability was not observed in the current study. In the following paragraphs,

possible reasons for the absence of this effect are discussed.

First, in the current stimulus design, the level per harmonic was fixed, leading

to the same signal to noise ratio (SNR) per harmonic in all conditions relative to

the noise, but to a higher overall stimulus level for the unresolved conditions than
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for the resolved conditions. In previous studies (e.g., Penagos et al., 2004; Norman-

Haignere et al., 2013), the overall sound pressure level was, instead, kept constant

independent of the number of harmonics present in the stimulus. Thus, the SNR

of each harmonic for a resolved complex tone containing only few harmonics was

much higher than the SNR per harmonic for an unresolved complex tone with

four times more components (e.g., Penagos et al., 2004; Norman-Haignere et al.,

2013). Thus, the increase in neural activation with increasing resolvability found

in these studies might have also reflected an increase in the SNR of each harmonic.

This is plausible considering that the SNR-sensitive region in the auditory cortex

was found to largely overlap with the pitch-sensitive region (Ernst et al., 2008).

On the other hand, the overall sound pressure level of the unresolved conditions

used in the current study was higher than that of the resolved conditions with few

harmonics (i.e., the conditions at 500-Hz F0). As correlates of overall level have also

been reported in the primary auditory cortex and planum temporale (Ernst et al.,

2008), it is possible that the effect of resolvability might have been counteracted by

changes in overall level.

The second possible explanation for the lack of a resolvability effect is that

the F0 between reference and deviant was adjusted according to the individual

F0DLs obtained in Experiment I. Thus, the unresolved conditions were tested at a

larger F0 between reference and deviant than the resolved conditions, which might

have led to a similar pitch salience across conditions and, thus, to similar neural

responses. In favor of this hypothesis, increasing the pitch interval size during a

melody-discrimination task (Zatorre et al., 2012) or during passive listening of pure-

tone melodies (Hyde et al., 2008) has been shown to increase the neural activation

in the auditory cortex. However, in Zatorre et al. (2012), increasing the frequency

separation between notes increased the behavioral performance, whereas in the

current study the F0 was increased to match the behavioral performance across

conditions and participants.

Finally, although a TEN at 45 dB/ERB was used to mask distortion products

(DPs) and the stimulus level was relatively moderate at 50 dB SPL per harmonic, it is

possible that either cochlear or earphone distortions introduced audible low-num-

bered resolved harmonics (Norman-Haignere and McDermott, 2016). However,
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cochlear and earphones DPs for harmonic levels of 70 dB SPL introduced low-fre-

quency harmonic components at levels of about 30 to 50 dB SPL (Norman-Haignere

and McDermott, 2016). Thus, for the stimuli of the current study, DPs should be

below 30 dB SPL, and should have, therefore, been masked by the TEN at 45 dB

SPL/ERB.

5.4.4 Correlates of musical training in the right primary auditory

cortex

While the behavioral results from Experiment I revealed a stronger benefit of mu-

sicians for pitch discrimination of resolved relative to unresolved complex tones,

the fMRI results confirmed enhanced neural responses in the musicians for both

resolved and unresolved conditions in the right Heschl’s gyrus, right superior and

middle frontal gyri, right insula, right frontal operculum and inferior colliculus

(Fig. 5.5). Additionally, the increase in neural activation in the right auditory cortex

was significantly correlated with the increase in pitch-discrimination performance

for the musically-trained listeners (Fig. 5.7). Taken altogether, these results are

consistent with a right lateralization of cortical processing during a pitch-dicrim-

ination task involving fine pitch differences (e.g., Zatorre, 1988; Johnsrude et al.,

2000; Zatorre and Belin, 2001; Zatorre et al., 2002; Hyde et al., 2008). Additionally,

these findings suggest an increasing training-dependent plasticity in the right au-

ditory cortex with increasing pitch-discrimination aptitude (Schneider et al., 2002;

Puschmann et al., 2013).

A further analysis revealed that the correlation between BOLD responses in

the auditory cortex and individual pitch-discrimination thresholds was restricted

to the resolved conditions (Fig. 5.9). Figure 5.9 depicts the relation between the

neural responses to the contrast pitch>noise in the right (left panels) and left (right

panels) auditory cortex and the F0DLs for the 15 musicians. The contrast estimates

for the two resolved conditions in the LF region are shown in the top panels, the

estimates for the two resolved conditions in the HF region are depicted in the

middle panels, while the two unresolved conditions are presented in the bottom

panels. A strong significant correlation was obtained only in the right auditory
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Figure 5.9: Individual contrast estimates (pitch>noise) in the right (left panels) and left (right panels)
auditory cortices as a function of the individual pitch-discrimination thresholds from Experiment I,
averaged across the two LF conditions (top panels), the two resolved HF conditions (middle panels)
and the two unresolved conditions (bottom panels). Results for the 15 musicians (same symbols as in
Figure 4). The individual contrast estimates were obtained by averaging the BOLD signal within the
10% most activated voxels in the right and left auditory cortices, as defined by the anatomical mask in
Fig. 5.3(a)).
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cortex for the resolved conditions in the LF regions (top left panel in Fig. 5.9). A

possible explanation for this finding is that the musicians, differently than the

singers, might be more trained to retrieve the pitch from harmonics in a LF region

than in a HF region, since the spectral envelope of the sound from a symphony

orchestra produces a gradual decay in the amplitude of harmonics above about 1

kHz (Sundberg, 1977). Thus, a training-dependent plasticity might be stronger for

the familiar LF-filtered stimuli than for the unfamiliar HF-filtered complex tones.

Finally, it should be noted that the musicians’ neural responses while performing

a pitch-discrimination task were enhanced already at a subcortical level (inferior

colliculus, Fig. 5.5). Enhanced subcortical responses in musicians were previously

reported in electrophysiological studies (Musacchia et al., 2007; Wong et al., 2007;

Parbery-Clark et al., 2009; Anderson and Kraus, 2011) and suggest that a training-

dependent effects in the musicians may originate earlier in the auditory system

than the auditory cortex.

5.5 Conclusion

Overall, these findings suggest an involvement of fronto-temporal regions compris-

ing primary and non-primary auditory cortices, middle and superior frontal gyri,

insula and frontal operculum during a pitch-discrimination task with conditions

of varying task difficulty. When the harmonic level was fixed above the noise and

the difference in F0 was individually adjusted, no effect of harmonic resolvability

was observed. Cortical responses to pitch in musicians were enhanced relative to

non-musicians in the right Heschl’s gyrus, right insula, right middle and superior

frontal gyri. Interestingly, BOLD responses in the right auditory cortex were pre-

dictive of individual pitch-discrimination abilities in musicians, consistent with a

higher specialization of the right auditory cortex in processing fine pitch changes

relative to the left auditory cortex. Additionally, neural activation in the inferior

colliculus was larger in the musicians than in the non-musicians, suggesting an

increased pitch sensitivity already at a subcortical level. Finally, the increase in

activation of frontal regions comprising inferior frontal gyrus, insula, and frontal
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operculum was correlated with the decrease in behavioral performance, suggesting

an increase of task-related effort and working memory with increasing the task

difficulty for both musicians and non-musicians.
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6
General discussion

In this thesis, behavioral investigations of pitch discrimination were carried out in

normal-hearing (NH) and hearing-impaired (HI) listeners, as well as in musicians

and non-musicians. Additionally, objective correlates of harmonic resolvability,

task difficulty and musical training were investigated via pupillometry and func-

tional magnetic resonance imaging (fMRI) to clarify the origin of the musicians’

pitch-discrimination advantage. Differences in performance across the groups of

listeners were discussed in relation to the nature of relevant cues for the human

auditory system to retrieve pitch. Open questions, such as the enhancement of

temporal envelope cues in hearing-impaired listeners and the effects of musical

training on pitch discrimination of resolved and unresolved complex tones, were

addressed throughout the chapters of this thesis.

6.1 Summary and discussion of main results

In the following paragraphs, the main outcomes of each chapter are summarized

and discussed in relation to the main research questions addressed in this thesis.

6.1.1 Pitch discrimination performance of hearing-impaired lis-

teners: Importance of envelope cues

In Chapter 2, the pitch-discrimination performance of NH listeners and listeners

with sensorineural hearing loss (SNHL) was estimated for resolved and unresolved

complex tones. When the harmonics were assumed to be unresolved for both

group of listeners (i.e., when the lowest harmonic number was either 12 or 15), the

performance of the HI listeners for complex tones with harmonics added in random

107
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phase (RP) was significantly worse than that of the NH listeners. However, when

the harmonics were added in sine phase (SP), the HI listeners’ performance was

as accurate as that of the NH listeners. Since the interaction between harmonics

added in SP leads to a peakier envelope at the output of the auditory filters than

for harmonics added in RP, the difference in performance between the RP and

the SP condition was considered as an indicator of temporal envelope processing.

The HI listeners showed a larger increase in pitch-discrimination performance

for the SP relative to the RP condition as compared to the NH listeners. It was

hypothesized that this larger benefit in performance for the SP relative to the

RP condition might be explained by an enhancement of the internal envelope

representation of a SP-complex tone in listeners with SNHL. The hypothesis that

this enhancement might be related to cochlear damage was tested by estimating

cochlear compression and auditory-filter bandwidths in the same listeners. A

significant correlation was found between the reduction of cochlear compression

and the increase in pitch-discrimination performance for the SP relative to the RP

condition. Additionally, the relative effects of cochlear compression and auditory-

filter bandwidth on the internal envelope representation of unresolved complex

tones were considered in a simplified peripheral model. The model revealed that

loss of cochlear compression was the dominant factor in enhancing the envelope

peakiness of the SP, but not RP unresolved complex tones. Finally, the difference

in the predicted envelope peakiness between SP and RP could account for the

behavioral increase in pitch-discrimination performance of the SP relative to the

RP condition.

Overall, the findings of this study suggest that a reduction of cochlear compres-

sion following SNHL may lead to enhanced temporal envelope cues for unresolved

complex tones with harmonics added in SP. In agreement with this hypothesis, the

HI listeners showed a higher sensitivity to detect amplitude modulations imposed

on a sinusoidal carrier as compared to NH listeners, consistent with previous find-

ings (Moore et al., 1996; Moore and Glasberg, 2001). However, the HI listeners did

not show, on average, a better pitch-discrimination performance relative to NH

listeners. There are different explanations for the lack of an enhanced pitch-dis-

crimination performance. First of all, differences in musical education between



6.1 Summary and discussion of main results 109

NH and HI listeners might have influenced the absolute levels of performance. In

fact, although in each group of listeners 40% of the participants were musically

trained (six out of 14 NH listeners; four out of 10 HI listeners), the overall duration

of training as well as the families of played instruments were not matched across

groups. Additionally, the HI listeners were much older than the NH listeners. This

may lead to higher levels of internal noise, as well as to limitations in cognitive

resources. Finally, other limitations linked to SNHL (e.g., inner hair cell damage,

degradation of auditory-nerve coding) might have counteracted the enhanced

envelope representation at the output of peripheral stages of the auditory system.

An enhanced temporal envelope coding has so far only been reported from

physiological recordings in auditory-nerve fibers of chinchillas with noise-induced

SNHL (Kale and Heinz, 2010; Kale and Heinz, 2012; Henry et al., 2014), and sug-

gested by a few behavioral studies in human listeners (Moore et al., 1996; Moore

and Glasberg, 2001). The present study demonstrated for the first time that the

enhanced envelope representation at the output of peripheral filters for complex

tones with unresolved harmonics added in SP was correlated to the reduction of

cochlear compression in listeners with SNHL.

6.1.2 Pitch discrimination performance of musicians vs non-mu-

sicians: Effort and plasticity

In Chapter 3, pupil responses were recorded while musicians and non-musicians

performed a pitch-discrimination task with resolved and unresolved complex tones.

The aim of this study was to clarify whether the increase in pupil size could reflect

the processing effort of the listeners while performing a pitch-discrimination task

with stimuli of decreasing harmonic resolvability (i.e., decreasing pitch salience)

and increasing task difficulty. The results showed that pupil size increased with

concomitantly decreasing harmonic resolvability and increasing task difficulty for

the musically-trained listeners. In contrast, the non-musicians showed a decrease

in pupil size for the most demanding condition (unresolved harmonics tested

with a difficult task). This finding, together with the low behavioral performance

obtained for this condition (42% correct), suggests that the non-musicians might
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have "given up" to perform a task beyond their discrimination abilities. A decrease

in pupil size for highly demanding tasks was previously interpreted as a cognitive

processing overload (Zekveld and Kramer, 2014).

Although it could be tempting to conclude that the musicians put more effort

in discriminating the pitch of the most demanding condition, it should be consid-

ered that there was a large difference in the behavioral performance between the

two groups of listeners (42% vs. 63%). Since the task appeared not to be equally

demanding across participants, effort could not be directly compared across the

two groups of listeners. In this study, the task difficulty was individually adjusted

according to the behavioral thresholds for only six out of eleven participants. Ad-

ditionally, for these six participants, only the task difficulty of the F0,tr point was

adjusted. Thus, most conditions were not matched in task difficulty across par-

ticipants. As a result, some conditions resulted to be very easy for the musicians

(99% of correct deviant identification) and some conditions too difficult for the

non-musicians (42% correct). A comparison of the processing effort allocated

by the musicians relative to the non-musicians for either resolved or unresolved

complex tones was, thus, confounded by the different levels of task difficulty.

Overall, the findings of this study revealed that it was possible to measure pro-

cessing effort during a pitch-discrimination task via pupillometry. However, it

remained unclear whether this change was driven by a change in the stimulus

salience (i.e., in the resolvability of the harmonics) and/or by a change in task

difficulty. Furthermore, it could not be clarified whether musicians allocate a

different processing effort than non-musicians for complex-tone pitch discrim-

ination. These open questions led to a new experimental design, presented in

Chapter 4, which allowed for matching the difficulty of the task across conditions

and participants and to disentangle the effects of harmonic resolvability and task

difficulty on pupil dilations.

In Chapter 4, the musicians’ benefit in pitch discrimination relative to non-

musicians was first estimated behaviorally for resolved and unresolved complex

tones. The musicians’ increase in performance was of about a factor of two (Spiegel

and Watson, 1984; Kishon-Rabin et al., 2001), independent of harmonic resolv-

ability. Additionally, the transition point from unresolved to resolved harmonics
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occurred at similar F0s for musicians and non-musicians. Hence, it was suggested

that the musicians’ benefit in pitch discrimination may not originate peripherally,

as reported in two recent studies (Bidelman et al., 2014; Bidelman et al., 2016).

In fact, narrower peripheral auditory filters in musicians should have shifted the

transition point at lower F0s, leading to resolved harmonics at smaller F0s than

for non-musicians (i.e., at higher harmonic numbers). Additionally, narrower

peripheral auditory filters in musicians are not consistent with the behavioral

enhancement obtained in this study for unresolved complex tones. In fact, the

benefit in the musicians’ performance for complex tones with only unresolved

harmonics cannot be explained based on a finer peripheral frequency selectivity.

Overall, the behavioral findings of Chapter 4 suggest a training-dependent benefit

in musicians for both resolved and unresolved complex tones, which is plausible

to occur after peripheral stages of the auditory system. It seems likely that a train-

ing-dependent effect in musicians occurs after F0 extraction, possibly at central

stages of the auditory system.

After ruling out the possibility of a peripheral enhancement in musicians, Chap-

ter 4 addressed the question on whether musicians may allocate a different pro-

cessing effort to perform a pitch-discrimination task with resolved and unresolved

complex tones. Although the behavioral benefit of musicians was similar for the

two types of stimuli, it may still have different origins. In fact, one might speculate

that since musicians are mostly exposed to natural harmonic complex sounds

containing all harmonics, a training-dependent effect may be specific to the low-

numbered harmonics, which are assumed to be dominant for pitch perception

(Plack, 2005). This hypothesis was tested by presenting the listeners with a pitch-

discrimination task with either resolved or unresolved harmonics and by recording

pupil dilation, when the task difficulty was individually adjusted according to the

behavioral results. The pupil size showed a significant increase with increasing task

difficulty. Additionally, the interaction of task difficulty and harmonic resolvability

was significant. Hence, pupil responses seemed to reflect the overall processing

demand given by the interaction of both factors, whereby higher task difficulty

and lower harmonic resolvability led to an increased processing effort. Addition-

ally, pupil dilations for musicians were smaller than dilations for non-musicians,
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specifically when at least some of the harmonics were resolved and the task was

either medium-difficult or easy (i.e., for conditions with low processing demand).

Thus, although the task difficulty was adjusted to compensate for the musicians’

finer pitch-discrimination abilities, the musically trained listeners still allocated

lower processing effort than did the non-musicians to perform the task at the same

performance level. This finding suggests an enhanced pitch representation along

the auditory system in musicians, possibly as a result of training, which seemed to

be specific to the stimuli containing resolved harmonics (or general to the stimuli

with low processing demand).

The hypothesis of an enhanced pitch representation in musicians to resolved

and unresolved complex tones was tested in Chapter 5, where cortical neural re-

sponses were investigated via fMRI. In this study, highly trained musicians and

non-musicians first participated in a behavioral pitch-discrimination task. The

results showed that the musicians’ enhancement in pitch-discrimination perfor-

mance relative to the non-musicians was larger for the resolved conditions, on

average by about a factor of three, than for the unresolved conditions (factor of

about two, similar as in Chapter 4). The increased benefit obtained in this study for

the resolved complex tones might be ascribed to the stricter inclusion criterion of

the musicians (relative to the study of Chapter 4). This argument further supports

the hypothesis of a training-dependent effect specific to the resolved harmonics.

The fMRI results showed enhanced neural responses in the musicians relative to

the non-musicians for both resolved and unresolved complex tones. This enhance-

ment was specific to the right Heschl’s gyrus, right superior and middle frontal

gyri, right insula, right frontal operculum and inferior colliculus. Additionally, the

increase in neural activation in the right auditory cortex of musicians was pre-

dictive of the increased pitch-discrimination performance for resolved complex

tones. These results suggest a training-dependent plasticity in the right auditory

cortex of musicians, which seems to be specific to the resolved complex tones.

In fact, although enhanced neural responses in musicians were also observed

for the unresolved complex tones, no correlation was found with the behavioral

pitch-discrimination performance. Additionally, the fMRI results obtained in this

study revealed enhanced subcortical responses in musicians for both resolved and
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unresolved complex tones, in agreement with previous electrophysiological studies

(Musacchia et al., 2007; Wong et al., 2007; Parbery-Clark et al., 2009; Anderson and

Kraus, 2011) and suggest that training-dependent effects in the musicians may

originate earlier in the auditory system than the auditory cortex.

6.2 Implications for pitch coding mechanisms

While frequency selectivity and temporal fine structure (TFS) cues are known to be

degraded in listeners with SNHL (Glasberg and Moore, 1986; Moore et al., 2006b;

Lorenzi et al., 2006; Hopkins and Moore, 2007), the outcomes of the behavioral

experiments presented in Chapter 2, together with the model predictions, suggest

that the internal envelope representation of complex tones with harmonics added

in SP is enhanced by the reduced cochlear compression. Thus, the relative impor-

tance of pitch cues in HI listeners seems to be altered relative to NH listeners (Kale

and Heinz, 2010). In fact, while NH listeners were found to rely on resolvability

and/or TFS cues for complex tones with intermediate harmonic numbers (e.g.,

when the lowest harmonic number was in the range 8-11; Moore and Moore, 2003;

Moore et al., 2006b), HI listeners could only rely on envelope cues and their perfor-

mance was decreased relative to NH listeners for harmonics in this range. However,

when both NH and HI listeners were assumed to rely on temporal envelope cues,

the performance of the two groups of listeners was found to be similar for the

SP complex tones, suggesting that an enhanced envelope representation in HI

listeners may be counteracted by other factors.

It should be noted that, in the model, an instantaneous compression was ap-

plied to the signal at the output of the filter, i.e., the compression worked on the

TFS. Hence, although the modulation power was calculated based on the low-pass

filtered envelope, the effects of (reduced) compression would be equally reflected

in the TFS. Thus, the hypothesis that the increase in modulation power reflects

the enhancement of temporal envelope cues, and not TFS cues, was based on the

assumption that HI listeners can only rely on envelope cues to retrieve the pitch

of such high-numbered harmonics (Moore and Moore, 2003; Moore et al., 2006b;
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Hopkins and Moore, 2007). However, it cannot be excluded that NH listeners may

have relied on TFS cues when the lowest harmonic number was 12 (Boer, 1956;

Schouten et al., 1962; Moore and Moore, 2003; Moore and Sek, 2009; Kale et al.,

2014).

In Chapter 4, the benefit of the musicians in pith-discrimination was similar for

resolved and unresolved complex tones. The interpretation of these results in terms

of pitch coding mechanisms is not straightforward. First of all, the similar transi-

tion points in the thresholds from unresolved to resolved harmonics suggest an

enhancement in performance that is unlikely to originate peripherally. Secondly,

the almost identical size of the musicians’ benefit for resolved and unresolved

harmonics suggests either a training-dependent enhancement in musicians that

occurs independently of resolvability (e.g., an enhanced neural synchrony after F0

extraction; e.g., Parbery-Clark et al., 2009; Anderson and Kraus, 2011), or different

physiological mechanisms leading to similar benefits. The fact that the musicians

allocated lower processing effort than the non-musicians during the pitch-dis-

crimination task with resolved harmonics, but not with unresolved harmonics,

may suggest a training-dependent enhancement specific to the low-numbered

harmonics. Thus, it may well be that the behavioral enhancement for the resolved

complex tones reflects a training-dependent effect, while the behavioral enhance-

ment for the unresolved complex tones is a consequence of the allocation of more

processing effort to perform the task more accurately than the non-musicians.

In Chapter 5, the behavioral benefit of musicians in pitch discrimination was

larger for the resolved than for the unresolved complex tones. Additionally, the high

correlation between neural responses in the right auditory cortex and behavioral

pitch-discrimination thresholds for the low-frequency resolved complex tones

seemed to further support a training-dependent effect specific to the resolved

harmonics. However, it is unclear whether these findings can be interpreted in

terms of different mechanisms for pitch coding or simply support the hypothe-

sis that the mechanisms for learning are only partly stimulus-specific (Carcagno

and Plack, 2011). In fact, although the musicians are not specifically trained to

discriminate the pitch of complex tones with only unresolved harmonics, they are

in general more trained to perform a pitch-discrimination task. Thus, possibly
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as a generalization of learning (Grimault et al., 2003), the musicians showed an

enhanced pitch-discrimination performance for the unresolved complex tones,

although this enhancement was not as strong as the one for the stimuli they are

normally trained with (incomplete generalization of learning; Micheyl et al., 2006).

6.3 Perspectives

In conclusion, there are still many open questions to be addressed towards the

understanding of the basic mechanisms underlying pitch perception in the human

auditory system. Overall, the findings presented throughout this thesis strengthen

the hypothesis that loss of cochlear compression leads to an enhanced envelope

representation of unresolved complex tones in listeners with SNHL relative to NH

listeners. However, a behavioral enhancement in HI listeners was observed only for

amplitude-modulation detection and not for pitch-discrimination of unresolved

complex tones, although both tasks should rely on envelope cues at low modula-

tion/fundamental frequencies. Thus, although the findings of Chapter 2 suggest

the presence of enhanced envelope cues in HI listeners, further objective measures

should be carried out to confirm these results. Future work may focus on objective

estimations of the envelope representation of complex stimuli in human listeners

with SNHL (e.g., via frequency following responses).

It should be noted that while an enhancement of temporal envelope cues might

be beneficial for pitch-discrimination of unresolved complex tones and amplitude-

modulation detection, it could have a detrimental effect on speech intelligibility in

fluctuating background noise. In fact, stronger envelope coding would enhance

the fluctuations of the background noise, leading to a reduced ability of the HI

listeners to listen in the dips of the masker (Festen and Plomp, 1990; Moore and

Glasberg, 1993; Moore et al., 1995; Kale and Heinz, 2010). Thus, clarifying what

factors lead to a stronger coding of envelope cues in HI listeners and understanding

the extent of this enhancement would be necessary to restore normal envelope

coding in the hearing-impaired population and to improve speech intelligibility in

fluctuating background noise.
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Additionally, both behavioral pitch-discrimination thresholds, as well as pupil

responses and fMRI results suggest the existence of a training-dependent effect in

musicians that is partly specific to the resolvability of the harmonics and may occur

as early as the brainstem. Future research may clarify whether musical training

leads to a finer F0 representation for both resolved and unresolved harmonics.

Tonotopic maps obtained with complex-tone stimuli could, in fact, reveal the

effects of musical training on the harmonic organization of the auditory cortex. It

would be interesting to clarify whether a finer spectral tuning may arise as a result

of musical training. If so, enhancing cortical tuning by means of musical training

may be beneficial for HI listeners, whereby musical training may help restoring

the relative importance of resolved vs. unresolved harmonics for pitch perception,

thus potentially improving sound source segregation.
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A
Experimental Evidence for a Cochlear

Source of the Precedence Effecta

Abstract
The precedence effect (PE) refers to the dominance of directional in-

formation carried by a direct sound (lead) over the spatial information

contained in its multiple reflections (lags) in sound localization. Al-

though the processes underlying the PE have been largely investigated,

the extent to which peripheral versus central auditory processes con-

tribute to this perceptual phenomenon has remained unclear. The

present study investigated the contribution of peripheral processing

to the PE through a comparison of physiological and psychoacoustical

data in the same human listeners. The psychoacoustical experiments,

comprising a fusion task, an interaural time difference detection task

and a lateralization task, demonstrated a time range from 1 to 4.6-5

ms, in which the PE operated (precedence window). Click-evoked

otoacoustic emissions (CEOAEs) were recorded in both ears to inves-

tigate the lead-lag interactions at the level of the basilar membrane

(BM) in the cochlea. The CEOAE-derived peripheral and monaural

lag suppression was largest for ICIs of 1-4 ms. Auditory-evoked brain-

stem responses (ABRs) were used to investigate monaural and binaural

lag suppression at the brainstem level. The responses to monaural

stimulation reflected the peripheral lag suppression observed in the

CEOAE results, while the binaural brainstem responses did not show

a This appendix is based on Bianchi et al. (2013), J. Assoc. Res. Otolaryngol. 14, pp. 767-779.
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any substantial contribution of binaural processes to monaural lag sup-

pression. The results demonstrated that the lag suppression occurring

at the BM in a time range from 1 to 4ms, as indicated by the suppres-

sion of the lag-CEOAE, was the source of the reduction in the lag-ABRs

and a possible peripheral contributor to the PE for click stimuli.

A.1 Introduction

In an enclosed environment, the signal generated from a sound source reaches

the listener both through a direct path and from multiple reflections off the room’s

surfaces. Although the listener receives reflections from different locations, the

auditory system is generally able to localize the sound source rather accurately by

suppressing the directional cues carried by the numerous reflections. The percep-

tual phenomenon of dominance of the directional information contained in the

first arriving sound is known as the precedence effect (PE) (Wallach et al. 1949;

Zurek 1987). This natural situation of a direct sound followed by multiple reflec-

tions can be simplified by considering a direct sound with a single reflection. The

direct sound (lead) and its reflection (lag) can be reproduced in the free field by

two loudspeakers at different locations, driven with identical click stimuli with

a delay between the onsets (lead-lag delay or inter-click interval (ICI)). The per-

ception of the lead-lag pair depends on the ICI and varies both in the number

of perceived stimuli and in their perceived location. Although this variation is

gradual and stimulus dependent, some approximate ranges of perception can be

defined: a summing window, a precedence window, and an echo window (Fitz-

patrick et al. 1999; Litovsky et al. 1999). The summing window is defined by an ICI

range between 0 and 1 ms (e.g., Litovsky et al. 1999), where the lead and the lag

are perceptually fused in one single image and contribute both to the perceived

localization of the fused event. The precedence window is defined by an ICI range

from 1 ms up to the echo threshold (Fitzpatrick et al. 1999; Litovsky et al. 1999).

Here, the percept is a fused event localized at the lead location. For this time range,

the directional cues contained in the lag are weighted less heavily than those of
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the lead (Wallach et al. 1949; Litovsky et al. 1999). The echo window refers to the

ICI range above the echo threshold, where the lead and the lag are audible as two

separated sound images, each perceived at its own location (Blauert 1997). The

echo threshold estimates the ICI at which the fused auditory event perceptually

splits into two sound images. For clicks, the echo threshold occurs at ICIs of 2-10

ms (Freyman et al. 1991; Yang and Grantham 1997b; Litovsky et al. 1999), and

studies using headphones generally observe smaller values (2-4 ms) than those

using loudspeakers (Fitzpatrick et al. 1999; Litovsky et al. 1999). Although the PE

has been intensively studied over the last two decades (Lindemann 1986; Divenyi

and Blauert 1987; Freyman et al. 1991; Fitzpatrick et al. 1995; Litovsky and Yin

1998; Fitzpatrick et al. 1999; Liebenthal and Pratt 1999; Hartung and Trahiotis 2001;

Damaschke et al. 2005; Xia and Shinn-Cunningham 2011), the debate whether

the lag-suppression mechanism results from peripheral or central processes has

remained unresolved. Previous studies have suggested the existence of monaural

and peripheral mechanisms responsible for a reduction in the sensitivity to the

spatial cues contained in the lagging stimulus (Tollin 1998; Tollin and Henning

1998, 1999; Hartung and Trahiotis 2001; Wolf et al. 2010; Xia and Shinn- Cunning-

ham 2011). However, these studies either consisted of solely psychoacoustical

experiments (Tollin and Henning 1998, 1999), a test of computational models

against psychoacoustical results (Tollin 1998; Hartung and Trahiotis 2001; Xia and

Shinn- Cunningham 2011) or physiological findings in animals (Wolf et al. 2010).

Monaural neural correlates of lag suppression were also reported by Wickesberg

and Oertel (1990), Fitzpatrick et al. (1995), Parham et al. (1996), Fitzpatrick et

al. (1999), and Tollin et al. (2004). The current study investigated contributions

to the PE at different stages along the auditory pathway, whereby comparisons

between psychoacoustical and physiological data were analyzed in the same hu-

man listeners. Three psychoacoustical experiments, a fusion task, an interaural

time difference (ITD) detection task, and a lateralization task were performed to

investigate the perceptual phenomena related to the PE. Furthermore, noninva-

sive physiological methods, click-evoked otoacoustic emissions (CEOAEs), and

auditory-evoked brainstem responses (ABRs), were used to systematically examine

the effect of the leading click on the lagging click at cochlear and brainstem levels
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and to experimentally test the hypothesis of a peripheral source of the PE.

A.2 Methods

Six normal-hearing subjects (three females and three males), aged from 24 to 34,

participated in the experiments. All had audibility thresholds of less than 20 dB

hearing level at the frequencies in a standard audiogram. The experiments took

place in a doublewalled soundproof booth that was electrically shielded for the

CEOAE and ABR experiments. All signals were generated digitally in MATLAB at a

sampling rate of 48 kHz and consisted of 83 µs clicks.

A.2.1 Psychoacoustical experiments

The psychoacoustical experiments investigated two perceptual phenomena that

characterize the perception of the lead-lag pair in the precedence window (Litovsky

et al. 1999): fusion, which refers to the perception of one single, fused auditory

event and lag-discrimination suppression, which refers to the difficulty of the

listener to discriminate directional information contained in the lag. The stimuli,

consisting of lead-lag click pairs of the type presented in Figure A.1a, were presented

over headphones (Sennheiser HD580) using a D/A converter (type RME DIGI96/8

PAD). The lead-lag pairs were presented at 75 dB peak equivalent sound pressure

level (peSPL) and had ICIs of 1, 2, 3, 4, 5, and 8 ms. Two stimulus conditions were

considered: a reference condition (ITD=0, lead and lag perceived at the center of

the head; Fig. A.1a left) and a deviant condition (lag-ITD>0, lag lateralized towards

the left; Fig. A.1a right).

Fusion test

An adaptive one-interval, two-alternative forced-choice (2 AFC) procedure was

adopted to determine the echo threshold, i.e., the ICI for which the deviant was

perceived as two separate clicks. Each presentation consisted of a deviant with a lag-

ITD of 300µs, for which the ICI was varied between 1 and 7 ms. The test was carried
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Figure A.1: a) Schematic stimulus configurations used in the behavioral experiments: reference and
deviant. The reference configuration consists of two diotic click pairs (ITD=0), delayed by an inter-click
interval (ICI). In the deviant configuration, the lead is represented as a diotic click pair (lead-ITD=0)
and the lag as a dichotic click pair (lag- ITD>0). b) Interleaved stimulus presentation used in the CEOAE
experiment. Three configurations (SC single click; DC double click; DCI double-click inverted) were
repeated 1800 times within a sequence for each ICI condition and for an ITD of 300 µs. c) Stimulus
presentation for the ABR experiment. A deviant configuration was repeated 2000 times, for each ICI
condition and for an ITD of 300 µs. The ABRs were recorded by using four electrodes: Fz (ground,
positioned at the forehead), Cz (reference, positioned at the vertex), and M1 and M2 (left and right
mastoids).
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out both for monaural and binaural stimulation to investigate the contribution

of binaural processing to fusion. In both tests, the subjects’ task was to specify

whether they perceived a single click (SC; fused image) or two separated clicks (lead

and lag). The subjects were instructed to press the two-click response only when

they could hear two auditory events clearly separated in time (monaural test) or in

space (binaural test). The starting value of the ICI was 1 ms, which was increased

after each single-click response and was decreased after two consecutive twoclick

responses. The initial step size was 1 ms and reduced after a lower reversal to 0.5

and 0.3 ms as the threshold was approached. The echo threshold was obtained after

six reversals and corresponded to the 70.7 % point on the psychometric function.

Thresholds were obtained as the average of three repeated measurements.

ITD-detection test

This test investigated lag-discrimination suppression by studying lag-ITD detection

as a function of ICI. Seven sequences containing references and deviants were

presented, one for each of the following ICIs: 0, 1, 2, 3, 4, 5, and 8 ms. Within each

sequence, the ICI was constant and the deviants were randomly presented among

the references, allowing a minimum of three references between the presentation

of two deviants (Damaschke et al. 2005). The deviants contained ITDs ranging

from 150 to 900 µs with a step size of 150 µs. Each ITD was repeated three times

within the same sequence for a total of 18 deviants per sequence (six lag-ITDs

repeated three times). The interval between the onset of one lead-lag pair and the

onset of the following pair was 1 s. The subjects’ task was to hit a button on the

keyboard whenever a noncentered click pair (i.e., a deviant) was detected among

the centered references. The response was considered correct when the button

was pressed within 1 s after the presentation of the deviant. False alarms were

accounted for by calculating the ratio between the number of correct hits and

the total hits for each sequence. Subjects were asked to repeat those sequences

where the ratio was below 70 %. The ITD-detection threshold was calculated as

the lag-ITD that corresponded to 67 % correct performance, i.e., when the lag-ITD

was correctly detected at least two times out of three for each sequence.



A.2 Methods 137

Lateralization test

The stimulus presentation consisted of one interval containing two lead-lag pairs:

a reference followed by a deviant. The reference and deviant had the same ICI, with

values among: 0, 1, 2, 3, 4, 5, or 8 ms. The deviant contained a lag-ITD in the right

channel, which was randomly varied among: 0, 150, 300, 450, 600, 750, 900, and

1,000 µs. Each ITD was repeated three times for each ICI. After the presentation of

each reference-deviant pair, subjects were asked to press one of the six response

buttons ((1) left, (2) center, (3) center and center, (4) center and right, (5) center and

left, and (6) center and left and right) according to the perceived lateralization of

the deviant with respect to the reference. The six buttons were designed to take all

possible percepts of the deviant into account, both when fusion occurred and when

fusion was no longer present. In the case of a fused percept, a SC was perceived,

either to the left (when the ITD was detected) or at the center. Otherwise, lead and

lag were perceived as two separate clicks, where the lead was always perceived as

centered, and the lag was perceived either at the center, left, or right, or as two

clicks to the left and to the right. Although the lag ITD was leading to the left ear,

the percepts of the lag either to the right, or to the left and right, were included

to account for the possibility of different monaural suppressions of the lagging

clicks in the left and right ear (e.g., for large ITDs). The lateralization threshold was

calculated for each ICI as the minimum ITD producing at least two times out of

three (67 %) a noncentered percept of the deviant.

CEOAE recordings

The stimuli were sent via the open source software pawavplay to the soundcard

(RME FireFace 800 A/D-D/A converter, RME Intelligent Audio Solutions, Germany).

The clicks were calibrated at a level of 65 dB peSPL in a BK-2012 ear-canal coupler

(Bruel & Kjaer Sound & Vibration Measurement A/S, Denmark), attached to a BK-

4157 artificial ear. After insertion of the recording probe in the ear canal, in situ

calibration was performed using a TDT-PA5 programmable attenuator (Tucker-

Davis Technologies, Alachua, FL) to ensure that the levels of the clicks in the ear

canal were equal in each ear. The stimuli were presented to the left and right ear
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of the test subjects via two ER-2 earphones (Etymotic Research, Inc., Elk Grove

Village, IL). Recordings were performed using two ER-10B+ low-noise microphones

and were bandpass filtered between 0.6 and 5 kHz (analog Rockland 852 HI/LO

filter). Click pair stimuli were designed for seven different ICIs (0, 1, 2, 3, 4, 5,

and 8 ms) and a lag-ITD of 300 µs. The response recorded to the double-click

stimulus consists of a CEOAE to the lead click, a CEOAE to the lag click, and a

nonlinear component that depends on the ICI (Verhulst et al. 2011a). Kemp and

Chum (1980a) developed a technique to remove the CEOAE component from the

leading click while keeping the CEOAE component to the lagging click and the

nonlinear component due to the ICI. This technique, as adapted by Kapadia and

Lutman (2000b), was used here to calculate the derived suppressed (DS) response

of the lagging click. Figure A.1b illustrates this interleaved procedure adopted for

stimulus presentation (Verhulst et al. 2011a). For each ICI and ITD condition,

1,800 repetitions of the following three stimuli were presented: SC, double click

(DC; two condensation clicks), and double-click inverted (DCI; one condensation

and one rarefaction click). The unsuppressed response (US) corresponded to the

SC recordings. The DS response was obtained by subtracting the DCI response

from the DC response and by halving the result. The DS response thus consisted

of the CEOAE component due to the lagging click and the nonlinear component

due to the ICI. The lag suppression was calculated as the root-mean-square (rms)

level difference between DS and US responses in a time frame of 6-18 ms after click

onset. Both monaural and binaural stimulations were tested. As no difference in

lag suppression level was found between the two stimulations, it was decided to

present the stimuli binaurally to extract monaural CEOAE lag suppression.

ABR recordings

The electrodes were placed according to the 10-10 system (American Clinical

Neurophysiology Society), using a tight-fitting elastic cap that holds the electrodes

in position (Picton 2011). Four electrodes were used: Cz (at the vertex, halfway

between nasion and inion), Fz (at the forehead at three tenths of nasion- inion

distance), M1 (left mastoid), and M2 (right mastoid). The electrode Cz was used
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as a reference and the electrode Fz as ground. Low impedances (below 2 kΩ)

were achieved by carefully degreasing the test subject’s scalp with alcohol and an

abrasive electrolyte gel. The stimuli were played back and sent to the soundcard

(RME FireFace 800 D/A converter, RME Intelligent Audio Solutions, Germany).

The clicks were calibrated at a level of 75 dB peSPL in a BK-2012 ear-canal coupler,

attached to a BK-4157 artificial-ear calibrator. The stimuli were presented to the

left and right ear of the test subjects via two ER-2 earphones (Etymotic Research,

Inc., Elk Grove Village, IL). The electrodes were connected to an EEG amplifier

(Synamps 5803), responsible for the amplification and A/D conversion of the

recorded potentials. The output of the amplifier was connected to the recording

PC where the EEG-data were postprocessed. The average, variance, and covariance

of the evoked responses were calculated, and the resulting waveform was bandpass

filtered with a FIR filter with cut-off frequencies of 200 and 1,500 Hz. Deviants were

presented for seven different ICIs (0, 1, 2, 3, 4, 5, and 8 ms) and a lag-ITD of 300

µs. For each ICI and ITD condition, the 25-ms-long epoch containing the deviant

stimulus was presented 2,000 times (Fig. A.1c). In the data analysis, the wave V

amplitude peaks of the lead were determined as the maximum voltage (absolute

value) in a time range of 6.5-7.5 ms after stimulus onset (Damaschke et al. 2005).

The wave V amplitude peaks of the lag were determined with a similar procedure,

in a time range shifted in latency according to the ICI and the ITD.

A.2.2 Statistical analysis

CEOAE

The data obtained for the DS and US conditions were divided into five blocks of 360

averages each.Mean and rms level were calculated for each block and suppression

was calculated for the 25 combinations of level difference between the DS and

US conditions. The standard deviation (SD) was calculated over the 25 values of

suppression (Verhulst et al. 2011a).
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ABR

SDs of the ABR recordings were calculated as the square root of the time-averaged

variances. Normal distributions were built from the mean and SD of the wave-Vs

of lead and lag. A normal distribution of lag-wave V suppression and its SD were

obtained by random sampling from the distributions of the lead and lag wave-Vs.

Confidence interval and significance testing

For each subject, a statistical analysis was carried out to investigate whether the

CEOAE-derived and the ABR-derived lag suppression was significantly different

below and above the individual echo thresholds (Table A.1). For each subject, mean

values of lag suppression below and above the echo threshold were calculated from

all data points below and above the threshold, respectively. SDs of the mean lag

suppression below and above the threshold were obtained by taking the square root

of the summed variances, divided by the number of data points (Bienaymé formula).

Two normal distributions for data below and above the echo threshold were built

from the calculated mean and SDs, and 10,000 random samples were then drawn

from each distribution. These two sets of randomsamples were subtracted to

obtain an estimate of the difference distribution of lag suppression below vs. above

the echo threshold, and 95 % confidence intervals (CIs) were calculated for these

difference distributions. As the sample size of CEOAE and ABR recordings differed,

a conservative approach was adopted such that the CIs were defined as the mean

of each difference distributions±1.96 SD. Significance testing was carried out by

controlling whether the CIs contained zero. CIs that did not contain zero (asterisks

in Table A.1) indicated that lag suppression was significantly larger above than

below the echo threshold. The indicated p values were calculated using the z

statistic as p = e −0.717z−0.416z 2
(Altman and Bland 2011).
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Table A.1: Mean lag-suppression and standard deviation [dB], calculated for each subject, for ICIs
below and above the individual echo-thresholds. Results are shown for OAE and ABR measurements
(monaural and binaural stimulation) and a fixed ITD of 300µs . The third column shows the 95%
confidence intervals (CI; lower and upper limits) of the difference distributions of lag-suppression
below vs. above the echo-threshold.

Exp. Subj.
Lag-suppression (dB) 95% CI (dB)

p-value
Below

echo-thr
Above

echo-thr
lower
limit

upper
limit

OAE
mono L

KE 4.9 ± 0.2 1.7 ± 0.2 2.6 3.7 <0.0001***
AL 4.7 ± 0.1 1.0 ± 0.1 3.4 4.1 <0.0001***
EC 3.8 ± 0.2 1.4 ± 0.3 1.6 3.1 <0.0001***
FB 3.9 ± 0.1 1.0 ± 0.1 2.5 3.2 <0.0001***
NL 3.3 ± 0.3 1.7 ± 0.4 0.7 2.6 0.001**
SV 4.5 ± 0.1 0.3 ± 0.2 3.7 4.6 <0.0001***

OAE
mono R

KE 6.6 ± 0.1 1.4 ± 0.2 4.7 5.6 <0.0001***
AL 4.0 ± 0.1 1.2 ± 0.2 2.3 3.3 <0.0001***
EC 4.6 ± 0.2 2.5 ± 0.2 1.7 2.6 <0.0001***
FB 4.3 ± 0.1 1.6 ± 0.1 2.4 3.2 <0.0001***
NL 4.2 ± 0.7 2.0 ± 0.3 0.7 3.6 0.004**
SV 3.8 ± 0.1 0.8 ± 0.2 2.6 3.4 <0.0001***

ABR
mono L

KE 4.7 ± 1.9 -0.3 ± 0.5 1.2 9.0 0.0106*
AL 4.7 ± 2.0 1.8 ± 1.2 -1.7 7.6 0.2134
EC 3.3 ± 1.8 0.7 ± 0.7 -1.2 6.4 0.174
FB 4.3 ± 2.5 0.3 ± 0.6 -1.1 8.9 0.1259
NL 2.1 ± 2.1 -0.3 ± 1.0 -2.1 6.9 0.2994
SV 3.4 ± 1.3 1.9 ± 0.9 -1.7 4.7 0.3766

ABR
mono R

KE 2.2 ± 0.6 -0.2 ± 0.3 1.1 3.8 0.0006***
AL 3.0 ± 0.6 0.8 ± 0.5 0.6 3.7 0.0071**
EC 3.7 ± 2.0 2.1 ± 0.7 -2.5 5.6 0.4673
FB 2.9 ± 1.8 2.0 ± 2.5 -5.3 6.9 0.808
NL 3.4 ± 3.4 0.4 ± 1.0 -3.9 10.1 0.3949
SV 2.7 ± 0.6 0.7 ± 0.6 0.3 3.7 0.0192*

ABR
binaural

KE 3.2 ± 0.5 0.6 ± 0.2 1.5 3.5 <0.0001***
AL 4.6 ± 1.4 1.1 ± 0.3 0.8 6.3 0.0124*
EC 6.2 ± 1.8 0.8 ± 0.3 1.8 9.1 0.0036**
FB 2.0 ± 0.8 0.6 ± 0.5 -0.4 3.3 0.1162
NL 3.9 ± 1.8 1.2 ± 0.7 -1.1 6.4 0.167
SV 4.4 ± 1.4 1.6 ± 0.2 -0.1 5.7 0.057

Asterisks denote CI significantly larger than zero: *p<0.05; **p<0.01; ***p<0.001
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Figure A.2: Psychoacoustical results. a) Individual and mean results of the fusion test for binaural (black
bars) and monaural stimulation (monaural right, red bars; monaural left, blue bars) by deviants with
a lag-ITD of 300 µs. b) Mean behavioral thresholds obtained from the lateralization test (circles) and
ITD-detection test (squares). The error bars represent the standard error of the mean. c) Lateralizations
reported the most by the six subjects over three repetitions of the lateralization test (symbols) and mean
lateralization threshold (black curve). The different markers represent the six response buttons (left,
center, center and center, center and left, center and right, and center and left and right). The size of the
symbols indicates at what percentage the lateralization was reported over 18 responses (six subjects,
three repetitions): small symbols, below 50 %; medium symbols, between 50 and 70 %; large symbols,
above 70 %.
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A.3 Results

A.3.1 Psychoacoustical experiments

The individual and mean results of the fusion test are presented in Figure A.2a.

The figure shows the ICIs for which fusion occurred, both for monaural (monau-

ral left, blue bar; monaural right, red bar) and binaural stimulation (black bar).

The breakdown of fusion corresponds to the echo threshold. The mean results

show similar echo thresholds for binaural stimulation (4.6 ms) and monaural left

stimulation (4.5 ms). For monaural right stimulation, a lower value of 4 ms was

observed, due to the additional delay of 300 µs introduced by the ITD. The similar

values for the echo thresholds obtained in the monaural and binaural conditions

suggest a fusion mechanism that does not depend on binaural processes. This

is consistent with other studies where similar echo thresholds were found in the

absence and presence of binaural cues (Rakerd et al. 1997) and for subjects with

monaural deafness and normal-hearing subjects (Litovsky et al. 1997). Figure A.2b

presents the mean ITD-detection thresholds (squares) and lateralization thresh-

olds (circles). The ITD-detection threshold, i.e., the minimumlag-ITD to obtain a

noncentered percept of the deviant, increased up to 590µs for ICIs between 0 and 4

ms, and then decreased again for ICIs above 4 ms. Large threshold values indicated

strong lag-discrimination suppression. For an ICI of 0 ms, no lag-discrimination

suppression occurred (i.e., lead and lag had the same weight in lateralization)

and all subjects could detect the deviants at the shortest ITD presented (150 µs).

For an ICI of 8 ms, the ITD threshold was 340 µs, which was significantly higher

than the baseline threshold for an ICI of 0 ms (pG0.05, two-sample right-tailed t

test) and not significantly lower than the threshold at 5 ms (p= 0.074, two-sample

right-tailed t test), indicating that lag-discrimination suppression was still present

for a lead- lag delay of 8 ms (and ITDs below the threshold). The ITD-threshold

obtained here showed an ICI range over which lag-discrimination suppression

occurred that is in agreement with previous studies (Zurek 1980; Damaschke et

al. 2005). The lateralization test refined the ITD-detection test by specifying the

lateralization of a lead-lag pair as a function of the ICI. The difference from the
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previous test was that the task in this experiment was not only to detect the ITD

contained in the lead-lag pair, but also to specify the perceived lateralization of

the lead-lag pair. For each subject, the threshold was calculated as the minimum

ITD producing at least two (out of three) noncentered percepts of the deviant.

Figure A.2b shows the mean lateralization threshold (circles), where the error bars

indicate the standard error of the mean. The lateralization threshold curve pre-

sented similar values as the ITD-detection threshold function for all ICIs except at

3 ms, where the lateralization threshold was significantly larger than the detection

threshold (p=0.029, Wilcoxon rank sum test). Largest thresholds were obtained for

ICIs of 2- 3 ms. For longer ICIs, the threshold curve decreased again, until reaching

300 µs for an ICI of 8 ms. Although not at baseline level (150 µs), this value was

significantly lower than the threshold at 5 ms (p=0.021, two-sample right-tailed t

test). In Figure A.2c, the mean lateralization threshold (black curve) is represented

together with the lateralizations that were reported the most by the six subjects.

The different symbols represent the different response buttons, whereas the size

of the symbols shows at what percentage the lateralization was reported over 18

responses (six subjects and three repetitions). Small symbols indicate the lateral-

izations that were reported less than nine times (i.e., below 50 and large symbols

represent reported lateralizations corresponding to between 50 and 70respectively.

The black symbols indicate perception of the lead-lag pair at the lead location,

i.e., when lag-discrimination suppression occurred. Colored symbols show the

release from lag-discrimination suppression. Fused percepts are indicated by the

squared symbols. For an ICI of 0 ms, the blue squares show that lead and lag had

the same weight in lateralization (i.e., summing location), as subjects reported

to hear a SC towards the left more than 70 between 1 and 4 ms, lag-ITDs below

600 µs show a strong lag-discrimination suppression (black symbols), whereas

ITDs above 600 µs indicate a release from lag-discrimination suppression (colored

symbols), even though difficulties were reported in consistently lateralizing the

lag (small symbols). For ICIs above 4 ms, the results for all ITDs indicated that

lead and lag were no longer perceived as fused.Despite the breakdown of fusion,

lag-discrimination suppression was still observed for ICIs of 5 and 8 ms at short

ITDs (black diamonds). For large ITDs, the subjects reported to perceive a diffuse
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sound image inside the head (green circles). In summary, the results from the three

perceptual experiments estimated fusion to occur within an ICI range up to 4.6

ms, and lag-discrimination suppression to last for longer ICIs (at least up to 8 ms).

A.3.2 CEOAE

When the auditory system is stimulated by a click, the forward travelling wave cre-

ated along the basilar membrane (BM) can be reflected by preexisting random BM

impedance irregularities (Shera and Guinan 1999; Zweig and Shera 1995). These

irregularities are inherent to a healthy cochlea and may reflect small cell-to-cell

differences in outer-hair cell amplification and alignment, which can be thought

of as placefixed BM impedance irregularities. Through a mechanism of coherent

reflection, the BM irregularities are assumed to give rise to a backwards traveling

wave that can be recorded in the ear canal as a CEOAE (Zweig and Shera 1995).

CEOAEs contain information about the BM processing at the cochlear regions

where the emission was generated (Moleti et al. 2008; Shera et al. 2002). When the

cochlea is stimulated with lead-lag pairs, both the lead and lag elicit a CEOAE. It

has been shown that, when preceded by the lead, the CEOAE elicited by the lag

is reduced in amplitude compared with a CEOAE elicited by the lag presented in

isolation (Kapadia and Lutman 2000; Verhulst et al. 2011a). This CEOAE amplitude

reduction, which depends on the lead-lag delay, presumably reflects attenuation

of the BM response to the lagging click, and will be referred to as peripheral lag sup-

pression in the following. Figure A.3a shows the spectra of the recorded CEOAEs

for one representative subject KE. The spectrum represented in gray is the US,

which is the emission elicited by the lag presented in isolation. The superimposed

spectrum (white) is the DS response which represents the derived emission of the

lag when preceded by the lead. The difference between US and DS (gray region)

indicates peripheral lag suppression for three ICI conditions of 2 (left panel), 4

(middle panel), and 8 ms (right panel). The results show that lag suppression was

maximal for an ICI of 2 ms and almost negligible for an ICI of 8 ms. Consistent

with previous studies (Verhulst et al. (2013); Verhulst et al. 2011b), the figure also

shows that the release of lag suppression first occurred at the highest frequencies
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Figure A.3: CEOAE results. a) Spectra of the recorded CEOAEs for the single-click condition, i.e., the
unsuppressed response (US), and for the derived suppressed response (DS, obtained from (DC-DCI)/2
in Fig. A.1b) of the lagging click, for one representative subject KE. The difference between US and DS
(the area displayed in gray) represents peripheral lag suppression for ICIs of 2, 4, 8 ms. b) Individual
(gray curves) and mean (black curves) results of peripheral lag suppression as a function of the ICI for
monaural left and right stimulation. The error bars indicate the standard error of the mean.
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(e.g., at 4 kHz for an ICI of 4 ms), and later at lower frequencies (e.g., at 2 kHz for an

ICI of 8 ms). This frequency-dependent release of suppression as a function of ICI

appears to be related to BM impulse response duration, where higher characteristic

frequencies exhibit a shorter time range of impulse response lead-lag interactions.

Thus, the peripheral lag suppression obtained from CEOAE recordings appears

to reflect mechanical BM impulse response lead-lag interactions. In Figure A.3b,

peripheral lag suppression is represented as a function of ICI. The figure shows

individual (gray curves) and mean data (black curves) of peripheral lag suppres-

sion for monaural left (left panel) and monaural right (right panel) stimulation,

for lead-lag pairs with an ITD of 300 µs. The mean data show a large suppression

of the lag (between 3 and 6 dB) for lead-lag delays up to 4 ms. Above an ICI of 4

ms, the mean peripheral lag suppression decreased to 2 dB at 5 ms and 0.5 dB at 8

ms. A statistical analysis was conducted on the null hypothesis that the difference

of individual suppression, calculated for ICIs below and above individual echo

thresholds, was zero (95 % CI). All test subjects showed peripheral lag suppression

that was significantly larger for ICIs below the individual echo threshold than above

it (Table A.1).

A.3.3 ABR

ABRs are auditory-evoked potentials that reflect synchronized neural activity gen-

erated at the level of the auditory nerve (AN) and the auditory brainstem. Wave V

is typically themost prominent peak in the ABR and is considered to reflect activity

stemming from the superior olivary complex in the brainstem (Picton 2011). When

stimulating with click pairs, both lead and lag typically elicit a wave V. If the lag

suppression obtained in the CEOAEs indeed reflects BM lead-lag interactions, it is

expected to obtain an analogue response reduction also in the ABR tomonaural

stimulation (i.e., in the lag-wave V amplitude). Figure A.4a shows the ABR record-

ings of one representative subject (KE) to binaural stimulation (black curve, left

panel) and monaural stimulations (blue and red curves, right panel), for an ITD

of 300 µs. Wave V amplitude peaks are indicated by downward-pointing triangles.

The results show that the leading click evoked a wave V that was constant in am-
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Figure A.4: ABR results. a) ABRs recordings for one representative subject KE, for monaural (right panel,
red and blue curves) and binaural (left panel, black curve) stimulation and different ICI conditions. The
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obtained from ABRs recordings for monaural (gray, blue, and red curves) and binaural stimulation
(black curve), as a function of ICI. The error bars indicate the standard error of the mean.
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plitude and latency for all ICIs, whereas wave V elicited by the lagging click was

initially lower in amplitude for short ICIs and gradually increased in amplitude

and latency as ICI increased. Figure A.4b shows individual (gray curves) and mean

(black, blue and red curves) lag-wave V reductions as a function of the ICI for

monaural left (left panel, blue curve), monaural right (right panel, red curve) and

binaural stimulation (left panel, black curve). The mean data show a lag-wave V

reduction of up to 10 dB for lead-lag delays of 1 and 2 ms. The reduction obtained

for binaural stimulation (black curve, left panel) was not larger than the reduction

for monaural left stimulation (blue curve, left panel). A comparison with the be-

havioral echo thresholds (Table A.1; Fig. A.5) revealed that all subjects showed a

lag-wave V reduction that was larger for ICIs below the echo threshold than above

it. This result was significant (analysis of 95 % CI of the difference distribution)

for three out of six subjects for monaural right stimulation, for one subject for

monaural left stimulation, and for three subjects for binaural stimulation (Table

A.1).

A.4 Discussion

A.4.1 Effect of frequency range and implications for peripheral

processing

Previous studies regarding the auditory processes underlying the PE (Divenyi 1992;

Divenyi and Blauert 1987; Dizon and Colburn 2006; Shinn-Cunningham et al. 1995;

Tollin and Henning 1999; Wolf et al. 2010; Xia and Shinn-Cunningham 2011) investi-

gated the frequency dependence of localization dominance and lag-discrimination

suppression. Two main hypotheses emerged: Divenyi and Blauert (1987) and

Blauert and Divenyi (1988) proposed the “spectral overlap” concept, where lag-

discrimination suppression was greatest (i.e., ITD thresholds were largest) for a

large spectral overlap between the lead and the lag stimuli. Thus, they suggested

that discrimination suppression operated within frequency bands (corresponding

to peripheral auditory filters). An alternative concept of “localization strength” was

proposed by Divenyi (1992) who found that localization dominance decreased with
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Figure A.5: Comparison of mean lag suppression from OAEs (dashed curves), lag wave V reduction from
ABRs (solid curves), and behavioral echo thresholds (vertical dashed lines) for monaural and binaural
stimulation. The error bars indicate the standard error of the mean.

decreasing lead center frequency, i.e., a low-frequency lead suppressed the spa-

tial information of a high-frequency lag more strongly than when they were both

centered at the same high frequency. This second hypothesis assumed a discrimi-

nation suppression mechanism operating across frequency bands. Consistent with

the localization strength hypothesis, Shinn-Cunningham et al. (1995) showed that

low frequency stimuli dominated over high-frequency stimuli in ITD-detection

tasks. Yang and Grantham (1997b) suggested that spectral overlap (i.e., processes

operating within frequency bands) and localization strength (i.e., processes across

frequency bands) are two independent processes governing discrimination sup-

pression. Other studies investigated the frequency dependence of the PE by using

spectrally identical lead and lag stimuli. By varying the center frequency of the
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lead- lag pair, these studies investigated within frequencyband effects as a function

of frequency. Localization dominance was found to be longer lasting and more

pronounced for low frequency lead and lag stimuli than for high frequency stimuli

(Lindemann 1986; Tollin and Henning 1999; Dizon and Colburn 2006; Wolf et al.

2010). This frequency-dependent behavior, where localization dominance was

demonstrated to decrease with increasing center frequency, strongly supported

the contribution of peripheral auditory processing to the PE (Tollin 1998; Hartung

and Trahiotis 2001; Wolf et al. 2010; Xia and Shinn-Cunningham 2011). In fact, due

to the mechanical properties of the BM, lead and lag exhibit shorter impulse re-

sponses and, therefore, shorter interactions when they are both centered at higher

frequencies than at lower frequencies. The current study tested this hypothesis ex-

perimentally, by measuring CEOAEs to spectrally identical lead and lag stimuli. The

results revealed that the CEOAE lag suppression was highly frequency dependent,

with longer lasting suppression at low frequencies (Fig. A.3a). By experimentally

supporting the previously mentioned studies, these results provide a strong link

between BM impulse response duration and within-frequency channel effects

reported in psychoacoustical experiments measuring the PE. Although across-

frequency processes may also be present, this study shows how within-frequency

band lead-lag interactions change over frequency and how this mechanism could

affect the perception of a lead- lag pair. The abovementioned studies investigated

the frequency dependence of lead dominance and lag-discrimination suppres-

sion (i.e., localization tasks), whereas the current study also presented measures

of fusion, which does not necessarily involve the extraction of spatial cues. Fu-

sion and discrimination suppression might, to some extent, rely on independent

mechanisms, as previously suggested (Yang and Grantham 1997a), and operate

in different frequency regions. It has been shown that ITD detection most likely

relies on low frequencies (Dizon and Colburn 2006; Tollin and Henning 1999),

where the extraction of ITDs is most effective. In contrast, echo thresholds may

be dominated by high frequencies, where the lead and lag impulse responses

produce shorter interactions on the BM and can, therefore, be separated out for

shorter delays than at lower frequencies. The psychoacoustical results of the cur-

rent study (Fig. A.2) showed slightly different ICI ranges over which fusion and
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lag-discrimination suppression occurred. While fusion broke down at 4.6 ms (Fig.

A.2a), lag-discrimination suppression was still strong for an ICI of 5 ms and present

for an ICI of 8 ms (for an ITD of 150 µs, Fig. A.2b, A.2c). The shorter time range

over which fusion occurred would, thus, support the hypothesis of dominance of

high frequencies for echo threshold determination, where one can extract cues for

the number (one or two) of perceived clicks at shorter ICIs than for lateralization.

A.4.2 Effects of peripheral processing on the PE

The CEOAE results (Fig. A.3b) showed that peripheral suppression of the lagging

click was maximal for lead- lag delays up to 4 ms, in agreement with previous
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studies (Kapadia and Lutman 2000; Verhulst et al. 2011a). For an ICI of 0 ms,

the stimulus in the left channel was a SC with double amplitude. Here, no lag

suppression occurred and the reduction of 3-4 dB with respect to the single-click

condition resulted from the compressive behavior of the CEOAE level curve (Ver-

hulst et al. 2011a). Thus, peripheral lag suppression, defined as the suppressive

effect of the lead on the lag, was largest for ICIs between 1 and 4 ms. A comparison

of peripheral lag suppression and behavioral monaural echo thresholds (vertical

dashed lines) is also presented in Figure A.5. For all test subjects, lag suppression

below the echo threshold was significantly larger than that observed above the

echo threshold (Table A.1). Figure A.6 shows individual comparisons of periph-

eral lag suppression (blue and red dashed curves) and behavioral lateralization

thresholds (black solid curves). This comparison revealed that large peripheral

lag-suppression values were accompanied by higher lateralization thresholds (i.e.,

when the lagging clicks are monaurally attenuated at the level of the BM, it seems

more difficult to lateralize the lag in behavioral tasks). However, while peripheral

suppression seems largely responsible for elevating the lateralization thresholds

for ICIs of 1- 4 ms, other processes at higher stages may be responsible for raising

the thresholds for ICIs of 5 (KE, SV) and 8 ms (thresholds higher than 150µs), where

OAE and ABR lag suppression was absent. These results provide evidence for a

monaural and peripheral component of lag suppression, occurring for lead-lag

delays within the precedence window, and suggest a relation between peripheral

suppression effects and the perceptual PE. The lag suppression observed in the

CEOAEs is of peripheral origin and likely related to the processing at local sites

of the BM where the emission was generated. The frequency-dependent release

of suppression as a function of ICI (Fig. A.3a) appears to be linked especially to

the duration of the local BM impulse response duration, where short ICIs lead to

overlapping impulse responses that can cause lag suppression for both low and

high frequency cochlear locations, whereas longer ICIs are only able to affect low

frequency BM impulse responses. Although there is no invasive study that relates

CEOAEs with impulse responses recorded from the BM, a large body of OAE liter-

ature provides evidence for spectral components in CEOAEs to reflect local BM

processing (Kemp and Chum 1980b; Neely et al. 1988; Zweig and Shera 1995; Shera
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andGuinan 1999; Harte et al. 2009). Moreover, cochlear dispersion combined

with coherent reflection filtering can explain why the short latencies of the CEOAE

waveform contain high frequencies and the longer latencies contain low frequen-

cies (Jedrzejczak et al. 2005; Moleti and Sisto 2008). The above studies support

the view that lag suppression observed in CEOAE frequency components can be

considered as reflecting complex interactions (both in phase and magnitude) of

local BM impulse responses at those cochlear regions where the emission was gen-

erated. This view is further supported by two AN studies that performed recordings

from single AN fibers to acoustic click pairs (Goblick and Pfeiffer 1969; Parham

et al. 1996). While Parham et al. (1996) did not clarify whether the origin of lag

suppression arose from adaptation in the AN itself or fromcochlear processing that

served as an input to the AN, Goblick and Pfeiffer (1969) referred to dynamics in

local BM amplification to explain lag suppression. Modeling studies that account

for BM as well as higher level processing can provide insight in this matter (Tollin

1998; Hartung and Trahiotis 2001; Xia and Shinn-Cunningham 2011). In the model

of Hartung and Trahiotis (2001), two monaural lead-lag stimuli were processed

through a left- and right-ear gammatone filterbank (Patterson et al. 1995) and a

haircell transduction stage (Meddis 1986) before the outputs were processed by a

binaural cross correlation operation. Based on the monaural effects of BM filtering,

(inner) hair-cell processing and subsequent binaural processing, the model was

shown to qualitatively account for some of the behavioral data associated with

the PE (Wallach et al. 1949; Shinn-Cunningham et al. 1995). However, whereas

the role of inner-hair-cell (IHC) processing was stressed in the framework of the

modeling study, the results from the present study suggest that BM processing,

and not IHC/AN processing, might provide the major link between the observed

CEOAE-derived lag-suppression data and the behavioral data (in agreement with

the model of Tollin 1998). Adaptation effects in the AN and subsequent neural

stages may further contribute to the peripheral lag suppression that was shown

to affect the perception of the PE in this study. For the click stimuli used in the

present study, lag suppression caused by BM impulse response interactions may

dominate over AN adaptation effects, which might be stronger for longerduration

stimuli.
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A.4.3 CEOAEs and monaural ABRs

The mean wave-V amplitude reductions (Fig. A.4b, blue and red curves) obtained

from ABR recordings for monaural stimulations were largest in a shorter ICI range

(1-2 ms) than the peripheral lag suppression observed in the CEOAEs (Fig. A.3b).

Several aspects may account for this difference. First, peripheral lag suppression

wasmeasured as an amplitude reduction of the backward travelling wave, which

contains information of specific reflection sites along the BM (e.g., Zweig and Shera

1995; Shera et al. 2002). In contrast, the ABR reflects neural activity elicited by the

forward travelling wave and, in particular, represents the synchronous activity of

neurons across the whole cochlear partition (Dau et al. 2000; Junius and Dau 2005).

Even though OAE and ABR results comprise monaural lead-lag interactions, the

OAE only contains a subset of frequency components present in the ABR. CEOAEs

are, in fact, dominated by frequency components in the 1-2 kHz range where the

middle-ear gain is largest (Puria 2003). Moreover, peripheral lag suppression in

CEAOEs was observed to be frequency dependent, with longer-lasting suppression

at low frequencies than at high frequencies (Verhulst et al. 2011b, Fig. A.3a). Thus,

the shorter time range of suppression obtained in the ABR results may be explained

by the wider frequency window effective in ABRs versus CEOAEs. Second, ABRs not

only reflect outer-hair-cell processing, as in the case of CEOAEs, but also represent

effects of IHC processing and neural recovery times in the AN and brainstem.

A.4.4 Contributions of binaural processes

The mean lag-wave V reduction obtained with binaural stimulation (black curve

in Fig. A.3b, left panel) was not larger than the one obtained with monaural left

stimulation (blue curve). The absence of binaural attenuation at the brainstem is

consistent with previous results, which showed correlates of binaural lag suppres-

sion only in middle-latency responses but not in earlylatency responses (Liebenthal

and Pratt 1999), and with results showing correlates of binaural lag suppression in

the pattern of late auditory-evoked potentials (Damaschke et al. 2005). Although

the present study is in agreement with the absence of a binaural contribution to

lag suppression at the brainstem level (Damaschke et al. 2005), the conclusion
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here differs with respect to the monaural mechanism occurring for stages below

the brainstem. While previous studies (Damaschke et al. 2005; Fitzpatrick et al.

1999) concluded that monaural lag-suppression mechanisms occurring for ICIs

below 5 ms originate fromrecovery times in neurons of the AN and brainstem, the

present study presents evidence for mechanical BM lead-lag interactions as the

main source of lag suppression for ICIs between 1 and 4 ms. When the cue for

lateralization is carried by the lag, a mechanism of monaural suppression would

account for the raise in the lateralization threshold for short ICIs. This is consistent

with results from a recent study (Fisher et al. 2011) where monaural instantaneous

frequency glides in BM could account for characteristic features of binaural ITD

processing. For ICIs larger than 5 ms (e.g., for an ICI of 8 ms in the current paper),

where no peripheral suppression occurs, central (binaural) processes are likely

responsible for raising the lateralization thresholds. Furthermore, the comparison

of monaural and binaural behavioral echo thresholds (Fig. A.2a) did not show any

contribution of binaural processes to fusion, in agreement with previous studies

(Litovsky et al. 1997; Rakerd et al. 1997), suggesting that binaural processes might

not be involved in echo threshold determination.

A.5 Conclusion

In conclusion, the results of the present study show a correlation between me-

chanical cochlear processes and psychoacoustical measures of the PE for short

ICIs. Although low-level effects cannot be sufficient to account for all aspects of

precedence, experimental evidence was provided that monaural peripheral sup-

pression plays a fundamental role for the binaurally perceived PE for short lead-lag

delays (i.e., 1-4ms). Not only do BM lead-lag interactions occur within the same

time range as the behaviorally determined precedence window for clicks, they also

represent the main component of lag suppression at the level of the auditory brain-

stem. The findings of the present study apply for click stimuli. For stimuli of longer

duration than clicks, inhibitory processes may account for some aspects of the PE

(Braasch and Blauert 2003; Lindemann 1986; Xia et al. 2010). Longer durations
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of suppression (above 5 ms) may be explained by central processes occurring at

stages above the brainstem (Blauert 1997; Damaschke et al. 2005; Liebenthal and

Pratt 1999; Sanders et al. 2008).
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Understanding how the human auditory system processes the physical properties of an

acoustical stimulus to give rise to a pitch percept is a fascinating aspect of hearing research.

Since most natural sounds are harmonic complex tones, this work focused on the nature

of pitch-relevant cues that are necessary for the auditory system to retrieve the pitch of

complex sounds. The existence of different pitch-coding mechanisms for resolved and

unresolved harmonics was investigated by comparing pitch-discrimination performance

across different cohorts of listeners, specifically those showing enhanced pitch cues (i.e.,

musicians) and those typically having disrupted pitch cues (i.e., hearing-impaired listeners).

In particular, two main topics were addressed: the relative importance of resolved and

unresolved harmonics for normal-hearing and hearing-impaired listeners and the effect of

musical training for pitch discrimination of resolved and unresolved harmonics. Overall, the

findings presented throughout this work strengthen the hypothesis that loss of cochlear

compression leads to an enhanced envelope representation of the unresolved harmonics

in hearing-impaired listeners relative to normal-hearing listeners. Additionally, behavioral

and objective investigations in musicians and non-musicians suggest the existence of a

training-dependent effect in the musicians that is partly specific to the resolvability of the

harmonics.
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